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The work in this thesis focuses on the development of novel mid-infrared laser sources 
which are compact, robust and suitable for the generation of ultrafast pulses with GHz 
pulse repetition frequencies. The motivation behind the work is to overcome the 
challenges associated with many of the mid-infrared ultrafast sources used at present.  
 
The novel laser gain medium Erbium doped Gallium Lanthanum Sulphide glass has 
been explored for use as a compact mid-infrared emission source. Ultrafast Laser 
Inscription was utilised to inscribe waveguides and under pumping conditions the 
waveguides emitted fluorescence at ~ 2.73 µm. The fluorescence intensity increased 
with increasing dopant concentration. The propagation loss of these waveguides was 
measured to be ~ 1.83 dBcm-1 and an IR waveguide amplifier was demonstrated 
exhibiting a maximum gain of 5.4 dBcm-1 at 1538 nm. These results indicate ways in 
which the cavity should be optimised for mid-infrared lasing operation. 
 
High repetition rate pulse generation from a Holmium doped YAG waveguide laser has 
been investigated using a graphene based saturable absorber. Depressed cladding 
waveguides were fabricated with Ultrafast Laser Inscription; these were subsequently 
employed in a compact quasi-monolithic laser resonator. Initially the laser operated in 
the CW regime resulting in a maximum laser output power of 1.78 W with a slope 
efficiency of 16% at 2.09 µm. In pulsed operation the laser generated pulses in a Q-
switched modelocked regime with an average output power of 170 mW and slope 
efficiency of 6.8%. The modelocked pulses were emitted with a high pulse repetition 
rate of 5.9 GHz.  
 
A room temperature Kerr-lens modelocked Chromium doped Zinc Selenide laser 
emitting sub-40-fs mid-infrared pulses is presented. The active crystal in this laser has 
been treated by hot isostatic pressing. Ultrafast pulses were generated with a pulse 
duration of 37 fs centred at 2388 nm. The laser emitted stable modelocked pulses at a 
repetition rate of 182 MHz with a maximum average output power of 144 mW. This is 
the shortest pulse width demonstrated to date from polycrystalline Cr:ZnSe indicating 
that hot isostatic pressing is beneficial for the generation of mid-infrared ultrafast pulses 
in Transition metal doped II – VI semiconductors.  
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µm pump wavelength. LP is a 2 µm long pass filter. ...................................................158 
Figure 7.4. Spectral emission from Cr:ZnSe waveguide amplifier setup with a) no pump 
and b) 10.25 W of pump applied. The spectrum in a) is centred at 2397 with a FWHM 
of 195 nm, the spectrum in b) is centred at 2394 nm with a FWHM of 191 nm. The 
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Chapter 1. Introduction 
 
1.1 Motivation  
 
The demonstration of the first laser was reported in 1960 by T. H. Mainman, it was a 
flashlamp pumped Ruby laser which emitted visible red light at 694 nm [1].  As a result 
of this invention, the rate at which coherent light source potential applications have been 
uncovered has grown rapidly.  This has justified the need for persistent research into the 
development of continually improving laser sources.  Laser technology has become 
very well established throughout the modern world with applications ranging from 
everyday uses such as Blu-ray players, barcode scanners and fibre optic broadband to 
much more specialised uses in laser eye surgery [2], laser welding [3] and numerous 
military/defence applications [4].    Following this laser demonstration the range of gain 
materials utilised grew very quickly with dye, gas, solid-state and fibre crystals/glasses 






AlGaN ~350 nm 
GaInN 375-440 nm 
Argon Ion 515 nm (green), 
460 nm (blue) 
HeNe  633 nm (red) 
Ti:Al2O3 ~650-1100 nm 
InGaAs/GaAs ~915-1050 nm 
Yb:YAG 1030 nm 
Nd:YAG  1064 nm 
Pr:fibre 1300 nm, 635 nm 
Er:fibre ~1530-1620 nm 
Tm:YAG ~1.7-2.1 µm 
Er:YAG 2.9 µm 
CO2 10.6 µm 
Table 1.1. Table of some of the most common laser gain media researched and 
developed in the ~50 years following the first laser demonstration and 
wavelengths they emit at. 
 
Five decades after Mainman’s report there existed a broad range of laser types with 
varying capabilities spanning much of the electromagnetic spectrum.  Some of the most 
commonly used and well-researched gain media during this time are shown in Table 
1.1, as well as the corresponding emission wavelengths.  Much of the successes during 
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this time focused on the visible and infrared (IR) spectral regions. The IR in particular 
has attracted substantial attention due to communications wavelength applications.  In 
more recent years, one spectral region which has emerged as a particular area for further 
research is the mid-infrared (mid-IR); ranging from 2-5 µm.  Previously, there had been 
an absence of sources which emit in this region as there are few semiconductor 
materials which allow for efficient emission compared to the IR and visible spectral 
regions.  Subsequently, there has been significant effort and funding invested to 
discover and develop new sources emitting here which can satisfy the specific 
requirements for the vast array of applications.  The motivation behind this work is to 
explore new mid-IR laser source systems which are compact, robust and furthermore, 
have the potential ability for the generation of ultrafast pulses with GHz pulse repetition 
frequencies (PRFs).  Hence, they would overcome many of the challenges associated 




1.2 Mid-infrared Sources of Emission 
 
The need to continue developing new laser sources in the mid-IR is driven by the sheer 
number of applications in this spectral region. This is because this spectral range 








Figure 1.1. Simulated transmission spectra of the atmosphere. Data was 
simulated using the Atmospheric Transmission Software Tool (ATRAN) which 
uses the Philips Research Laboratories High-Resolution Transmission 
molecular absorption database (HITRAN) [5].  The data was sampled at a 
lower than the software output resolution to avoid very large output files.  
 
A number of characteristic molecule absorption lines lie in this mid-IR spectral band, 
hence there are a great many opportunities for environmental monitoring and sensing 
using these sources [6].  Other applications of mid-IR laser sources include medical 
diagnostics and treatment [7], military countermeasures [8] and spectroscopy [9] to 
name but a few.  Until the early 90s there was limited choice in the field of mid-IR laser 
sources, the area was mainly dominated by the lead salt semiconductor laser [10] and 
some gas lasers.  These included HeNe which demonstrates emission at 3.39 µm [11],  
as well as Hydrogen Fluoride and Deuterium Fluoride emitting at ~ 2.8 µm and 3.9 µm 
respectively [12].  CO lasers have output in  the higher end of the mid-IR window at ~ 
4.6 – 8.7 µm, whereas CO2 is useful for emission into the far IR at 9 – 11 µm [13, 14].  
The invention of the Quantum Cascade Laser (QCL) in 1994 [15] and subsequent rapid 
development meant it quickly replaced the lead salt laser as the dominant source on the 
market in this wavelength range.  QCLs have emission spanning 3 – 300 µm [16], 
performing at their optimum with wall plug efficiencies of up to 53%, at  around 5 µm 
[17].  Initially they were predominantly cryogenically cooled to boost performance.  
Developments made in latter years have facilitated continuous wave (CW) operation at 
4.9 µm with output powers of up to 5.1 W to be realised at room temperature with a 
wall plug efficiency of 21%, this is further increased to 27% for pulsed operation [18].  


































The disadvantages of QCLs lie in the fact that the output beams tend to be highly 
divergent resulting in limited irradiances if one cannot gather the output efficiently, and 
also they suffer from limitations in the transverse beam quality due to their multimode 
nature, diffraction and self-focusing effects [19].  QCL’s which operate at room 
temperature with high power capabilities at 2-3 µm only cover a small range of 
wavelengths per emitter; thus have limited tunability. However, progress continues to 
be made in this area [20]. For many applications pulsed emission may be preferred over 
CW.  Optical Parametric Oscillators (OPOs) find much of their use in the generation of 
mid-IR pulses by combining a modelocked near IR solid-state laser with an OPO [21], 
but they are also used for CW emission [22]. OPOs have impressive tuneable 
performance in the mid-IR but have the drawback of high thresholds thus requiring high 
pump power and relatively long coherence lengths to obtain oscillation. As a result they 
require a large number of free space optics and often have complex, large system set-
ups associated with them, this can deem them unsuitable for many applications outside 
of the stable lab environment [23].   
 
The specific parameters required from a particular laser source, that is to say; the 
wavelength, power capabilities, beam quality, system size, running and maintenance 
costs, pulse length, PRF and performance under extreme conditions including for 
example extremes of temperature and pressure are very much application dependent.  
For this reason a wide range of sources are required to satisfy the many different 
specifications and applications. 
 
Two research areas which are promising as solutions to the lack of laser sources in the 
mid-IR are; transition metal (TM) doped II-VI semiconductors (TM:II-VI) and rare-
earth (RE) doped crystals/glasses.  
 
1.2.1 Transition Metal doped II-VI Semiconductor Lasers 
 
TM:II-VI laser materials, examples of which are Chromium doped ZnSe, ZnS, and 
CdSe are attractive as laser gain media due to their wide tuneability, large gain cross 
section and absorption bands, ability to operate efficiently at room temperature and no 
excited state absorption (ESA) [24, 25].  Examples of other substrates which have been 
used for doping demonstrations are ZnTe and CdMnTe. Other common TM dopant ions 
include Fe2+and Co2+ [26-28].  Laser wavelengths throughout the mid-IR from ~ 1.8 µm 
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to ~ 6 µm have been demonstrated with continuous tuneablity achieving CW output 
powers ranging from 10s of mW to > 100 W.   One particular material which has been 
researched extensively is Cr2+ doped Zinc Selenide (Cr:ZnSe). Cr:ZnSe has been shown 
to have continuously tuneable lasing capability spanning over 1300 nm from 1973-3349 
nm [29] and the maximum output power demonstrated to date in this material is 140 W 
with an optical efficiency of 62% [30].  For a long time, the highest output power 
reported was limited to approximately 14 W facilitated by a Master Oscillator Power 
Amplifier (MOPA) setup [25]. An impressive jump in output power from 14 W to 57 W 
[31] and subsequently 140 W was permitted by overcoming the inherent thermal lensing 
issue associated with ZnSe in these systems.  The thermal lensing is due to the thermo-
optic coefficient (dn/dT) of ZnSe; 70 × 10-6 K-1[32]. This is relatively high when 
compared to the values associated with other common laser gain material substrates 
such as Y3Al5O12 (YAG)  and Al2O3 (sapphire), which have values of 9 × 10 
-6 K [33] 
and 12 × 10-6 K-1 respectively [32].  This parameter causes strong self-focusing in the 
crystal at high incident pump powers which results in cavity instabilities and possible 
optical damage, both leading to significant output power limitations.  The high value of 
this parameter is common throughout the other II-VI semiconductor substrates with it 
being only slightly less in ZnS at 46 × 10-6 K-1 [32]. However, until fairly recently the 
fabrication process of high quality Cr2+:ZnS crystals was lengthy and challenging, 
consequently investigations are continuing into how much the performance can be 
improved over ZnSe.  The laser systems detailed in [30] and [31] overcome the thermal 
lensing problem by performing quick scanning of the pump beam and laser mode over 
the laser material at a speed high enough to minimise the instantly absorbed pump 
power over the crystal to a level so that effectively thermal lensing does not occur.  
 
Another solution to the thermal lensing issue, whilst retaining a compact cavity, is to 
utilise a waveguide geometry. This can significantly reduce instabilities which occur as 
a result of thermal lensing.  Cr:ZnSe waveguide lasers have been extensively studied 
over the past few years [34-38].  The first demonstration was reported in 2013 by 
McDonald et al. [34], in which depressed cladding channel waveguides were fabricated 
by the technique of Ultrafast Laser Inscription (ULI) and demonstrated an output power 
of 18.5 mW.  However, in the years that followed the performance was greatly 
improved resulting in a maximum output power of 5.1 W [38]. As mentioned 
previously, being a TM:II-VI material, Cr:ZnSe is well-known to have a widely tunable 
emission range.  Investigations into the tuneable range of a ULI waveguide CrZnSe 
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laser resulted in successful laser emission through 700 nm from 2077-2777 nm [37], 
this is the widest tuning range demonstrated in a waveguide laser to date.   
 
1.2.2 Rare-earth doped Solid-state Lasers 
 
Another major field which is also being researched for mid-IR emission is RE doped 
crystals/glasses.  This is a vast research field with a huge amount of output in terms of 
laser demonstrations and papers, I will give a brief introduction to RE doped lasers 
concentrating predominantly on the relevance this field has in the development of mid-
IR sources.  The wavelength emitted by an RE doped laser material is determined by the 
radiative transitions which are available between the energy levels in the RE ions, which 
themselves are dependent on the host substrate material.  This is due to Stark splitting of 
the energy levels of dopant ions which is a result of the local electric fields of the host 
material [39, 40]. There are seventeen RE elements in the periodic table; many of these 
are particularly useful in the IR and mid-IR due to many of their emission wavelengths 
lying in this window of the EM spectrum.  As mentioned, there is a vast array of laser 
demonstrations in this field including one of the first solid-state laser demonstrations, 
the Nd3+:YAG laser in 1964 at ~ 1 µm [41], which is still commercially manufactured 
and used widely today.  The other most commonly used ions for emission in the IR are: 
Yb3+, also for emission at around 1 µm [42], Pr3+ and Er3+, with emission at 1.3 µm [43] 
and 1.5 µm [44] respectively – these lie in two very important telecommunications 
wavelength bands so are used widely for this.  With regards to the mid-IR the most 
important RE dopants utilised to date have been Er3+ for its emission around 2.9 µm, 
Ho3+ for emission at 2.1 µm and Tm3+ which emits around 1.9-2 µm and so bridges the 
IR and mid-IR regions of the spectrum [45-47]. 
 
There also exists a very large number of host crystals and glasses which can be doped 
with these ions, I will focus solely on the ones that have been used in this work, 
specifically YAG, Gallium Lanthanum Sulphide (GLS) and ZnSe.  The most important 
features of a host material among others are; its ability to accept the dopant ions, high 
optical quality with minimal defects, good thermal and mechanical properties and 
transparency throughout the mid-IR.  Another sought after feature for a host material is 
low phonon energy.  A phonon is a quantised vibration by which an electronic energy 
level in an atom/ion can decay.  Multiple phonons are usually needed for the transition 
from one energy level to a lower one, as one single phonon would typically not have 
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enough energy to match the energy gap.  The lifetime of an upper energy level can be 
greatly reduced by material which supports a high phonon energy. The reason for this is 
that the rate of the multiphonon transitions decreases exponentially with a rising number 
of phonons needed to match the difference in energy levels.  Hence, if the phonons have 
low energy, a greater number of them are required and the multiphonon transition rate is 
kept low.  For emission in the mid-IR spectral range, the energy gap between levels is 
small compared to emission in the visible and IR and we seek to keep the lifetime of the 
upper lasing level as long as possible.  As a result, materials which have a low phonon 
energy are desirable as this ensures that this level cannot be reduced by phonon 
transitions and therefore the decay is radiative [48].  
 
GLS is an emerging chalcogenide glass laser material which exhibits a relatively low 
phonon energy of 425 cm-1 [49] compared to other glasses, for example silica which has 
phonon energy 1150 cm-1 [50].  It is the first chalcogenide to have a rare earth ion as a 
main component, as a result it is readily acceptant of RE ions making GLS ideal for 
doping.  Chapter 3 will discuss in depth work, that has been carried out using GLS 
doped with the RE ion Er3+ [41].  
 
YAG is a very useful and widely established host crystal in the fabrication of solid-state 
laser materials.  It exhibits a medium phonon energy of 700 cm-1 [51] and is readily 
acceptant of both RE and TM dopant ions – as a result, it has been used to develop a 
wide range of lasers in the visible, infrared and mid-infrared.  Chapter 5 will discuss this 




1.3 Bulk vs. Waveguide Lasers 
 
There are many different types of lasers including solid-state bulk material, optical 
fibre, semiconductor laser diodes, gas, dye and chemical – this is by no means an 
exhaustive list, there are many other types.  The type of laser used is very much 
application dependent, as all types have their advantages and disadvantages.  The 





1.3.1 Bulk Lasers  
 
This was the first type of laser to ever be demonstrated [1].  Generally, in the case of 
bulk lasers the beam propagates in free space between the gain material and other 
components in the cavity such as lenses and mirrors.  The beam is not confined while 
propagating through the gain medium meaning that the size of the beam within the 
material is dependent on the resonator design, for which there are many options.  These 
include a plane-plane cavity, a plane-concave cavity, concentric and x and z-fold 
cavities.  These cavities tend to be relatively easy to set up in a laboratory setting and so 
can be useful for a “proof of lasing principle test” of a new material before optimising it 
for other laser types.  The free space in the cavity between optics gives the cavity 
flexibility for the addition of other optical elements, for example; filters for wavelength 
selectivity, gratings/prisms for tuneability and dispersion compensation elements in the 
case of modelocking.  A further advantage of the free space propagation, specifically in 
the case of modelocking, is that it is straightforward to increase or decrease the cavity 
length very quickly compared to fibre lasers where cutting/splicing may be required.  In 
addition, one can design the resonator to implement a large effective mode area in the 
gain medium, this allows the generation of very high peak energies and powers for both 
modelocking and Q-switching operation. [52].  The shortest pulses are usually achieved 
using a bulk setup [53, 54].  
 
1.3.2 Waveguide Lasers 
 
An optically pumped waveguide laser can provide a platform to utilise the main 
advantageous properties of a solid-state bulk laser and a fibre laser.  By implementing a 
waveguide geometry, a high degree of overlap between the pump mode and the laser 
mode can be achieved due to the confinement. In addition, a small laser mode area is 
achieved compared to a bulk system. The combination of these effects results in a 
system which can be very efficient in converting energy from pump to laser and 
obtaining low lasing thresholds.  In comparison to a bulk system, the beam divergence 
is effectively removed within the gain material mitigating adverse thermal effects such 
as thermal lensing, this can result in a much higher quality beam mode even at high 
output powers [55, 56].  Depending on the method of waveguide fabrication, 
waveguides with propagation losses of ~ 0.1 dBcm-1 can be achieved [57]. This is 
typically low in comparison to the losses associated with optical fibres considering a 
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much longer length of fibre is usually used.  As a result of these combined effects 
waveguide lasers can generally achieve particularly high gain values per unit length and 
so can potentially operate above laser threshold at lengths on a mm to cm scale [55, 58].  
A waveguide laser cavity can be easily lengthened or shortened by simply increasing or 
decreasing the free space length of the cavity respectively.  This allows for the 
straightforward addition of extra cavity components as well as direct control of the PRF 
while operating in the pulsed regime.  To summarise, a waveguide laser exploits the 
advantages of bulk and fibre systems simultaneously. What this means is that a 
waveguide laser cavity is robust in nature and also removes the beam divergence. This 
results in a highly compact system with high power and efficiency capabilities as well 
as good beam quality.  It should also be noted that the compact design of waveguide 
laser systems can be particularly useful when the laser is used in modelocked operation 
where a very high PRF (multi GHz) is required as per some applications. This will be 
discussed in greater detail in chapter 5. 
 
 
1.4 Thesis Outline 
 
Chapter 2 provides an overview of the technique of Ultrafast Laser Inscription 
detailing the underlying absorption processes that facilitate waveguide fabrication. The 
choice of inscription geometry, the various inscription parameters and types of 
waveguides possible will be discussed.  
 
Chapter 3 investigates the potential for mid-infrared laser emission from ULI 
waveguides in Erbium doped GLS glass. This is a relatively new host material with 
favourable properties for mid-IR emission. Fluorescence at 2.75 µm is detected from 
ULI waveguides pumped with a 980 nm source, thus demonstrating their potential for a 
compact mid-IR emission source. An IR ~ 1.5 µm waveguide amplifier is demonstrated 
with gain a of 5.4 dBcm-1 , this result is utilised to provide suggestions as to how the 
material and setup should be modified to facilitate laser emission into the mid-IR.  
 
Chapter 4 details the background theory of pulsed lasers and also the techniques 
required to characterise the pulses. The formation of ultrafast pulses through 
modelocking of lasers is discussed before detailing the methods employed to achieve 
this. The concept of dispersion control to produce the shortest pulses is also introduced. 
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Finally, the autocorrelation based techniques and other methods used to measure 
ultrafast pulse durations are discussed. 
 
Chapter 5 presents a CW and Q-switched modelocked Holmium doped YAG ULI 
waveguide laser. Depressed cladding channel waveguides are fabricated and 
characterised. Single transverse mode CW laser operation with output powers up to 1.78 
W at 2.1 µm is initially demonstrated. Subsequently, Q-switched modelocked emission 
is demonstrated at a PRF of 5.9 GHz with up to 170 mW of average output power.  
 
Chapter 6 presents a room temperature modelocked Cr:ZnSe bulk laser in which the 
laser crystal has been treated by hot isostatic pressing (HIP). An overview of TM doped 
II-VI semiconductors for laser operation in the mid-IR is given with particular attention 
on ultrafast pulse emission capabilities. The HIP technique and its consequences are 
also detailed before presenting the bulk cavity arrangement employed. A Kerr-lens 
modelocked Cr:ZnSe laser with a PRF of 182 MHz and average output power of 140 
mW is demonstrated. Pulse durations down to 37 fs are achieved by exploiting 
intracavity chirped mirrors for dispersion control. This result represents the shortest 
pulse duration demonstrated to date in Cr:ZnSe. The reasons that the HIP process has 
facilitated this record result are discussed.  
 
Chapter 7 details the conclusions achieved from the work presented in this thesis. It 
also discusses the possible future work that will pave the way for the development of 
novel compact, high PRF, ultrafast mid-IR emission sources, as this is the ultimate goal 
of this work.  
 
 
1.5 Summary of Thesis 
 
The comprehensive aim of the work undertaken in this thesis was to develop novel laser 
sources in the mid-IR with cavity designs that allow for very robust and compact 
systems which in turn have the potential for the generation of ultrafast pulses with multi 
GHz PRFs.  It is the goal of the author that these may overcome many of the current 
disadvantages and limitations which are common to many of the mid-IR sources used at 
present.  This section has introduced the various materials and techniques which have 
been utilised over the course of the research in an attempt to meet this aim.   
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During this work the relatively new chalcogenide glass GLS has been used as the host 
for Erbium as a dopant.  ULI was used to inscribe waveguides in this material and mid-
IR fluorescence was observed at 2.73 µm, the waveguides were also used to develop a 
high gain optical amplifier at 1538 nm and work continues in the field of doped GLS for 
laser emission. The success of ULI waveguide inscription in Ho:YAG has led to the 
development of the first waveguide laser in this material. Furthermore, the compact 
cavity has allowed for the generation of laser pulses with a high PRF of 5.9 GHz . A 
sub-40 fs modelocked Cr:ZnSe x-fold cavity bulk laser has been demonstrated in which 
the crystal has been treated with HIP. The result of the treatment is that the CW laser 
emission linewidth is reduced from typically 10’s of nm wide to sub-nm level.  This, to 
our knowledge, is the shortest pulse width demonstrated to date from polycrystalline 






Chapter 2. Ultrafast Laser Inscription 
 
2.1 Introduction to ULI 
 
The most prevalent example of a waveguide is the optical fibre, this technology is at the 
centre of the modern telecommunications market.  As the demand for high-speed 
internet soared it became apparent that copper wire was undoubtedly insufficient to 
sustain requirements.  The solution came in the form of optical fibre which provided a 
means for high speed, long distance communications which far out-performs copper 
wire. The reason for this lies in the low loss values achievable in fibre; propagation loss 
as low as 0.14 dBkm-1 at 1560 nm have been reported in silica based optical fibres [59]. 
Thus, fibres with losses < 0.2 dBkm-1 are now routinely produced and are available to 
purchase from Corning Inc. ensuring repeatable high-speed performance. However, this 
was not always the case; when optical fibres were beginning to emerge as an important 
technology in the early 1980s, the theorised losses were much closer to 20 dB/km -1 
[60].  These high losses tended to be due to large numbers of impurities in the bulk 
glass and hence came a great push to research and develop much higher quality fibres 
with inherently low loss values.  As a consequence of the advances in optical fibres 
came the development of the Erbium doped fibre amplifier (EDFA) paving the way for 
an all optical amplification system [61].  Despite the many positives that came with the 
development of optical fibres, one challenge imposed by them is due to the parameter of 
minimum bend radius. This tends to be of the order of ~ 3-8 cm [62] and as a 
consequence the compactness of any device utilising fibres them is limited by this 
parameter.  Using a fibre while breaching this limit can diminish the performance 
significantly and fibre damage can occur.  The full system used for high-speed internet 
telecommunications has other vital components; examples of these include arrayed 
waveguide gratings, optical splitters and Mach-Zehnder modulators [63].  Minimising 
the physical size of these devices is paramount and so fibres tend to be inadequate for 
these devices.  As a consequence, advances in the technology of photonic integrated 
circuits have occurred simultaneously to that of fibres.  The basis behind many devices 
is the guiding of light in low loss waveguides on a compact chip.  There are a number of 
well-established techniques used during the fabrication of thin film waveguide 
structures, namely; RF and magnetron sputtering, Chemical Vapour Deposition and 
Pulsed Laser Deposition.  Techniques such as ion exchange and implantation are used 
in the fabrication of channel waveguides. These techniques are often used alongside 
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lithography and annealing processes [64].  The disadvantage common to all these 
fabrication methods is that they are limited to the development of only 2D structures.  
 
During the past two decades a new method has emerged for the fabrication of photonic 
waveguides which has the advantage of producing buried 3D structures.  This technique 
is called Ultrafast Laser Inscription (ULI). The premise of ULI, is to tightly focus 
ultrafast laser pulses below the surface of a dielectric material which is transparent to 
the laser wavelength, if the laser parameters are chosen correctly, this can result in a 
localised permanent change in the dielectric material properties within the focal volume 
of the focused laser beam.  The first demonstration of a permanent change in the 
refractive index was carried out by Davis et al. in 1996 [65], since then it has grown to 
be an effective tool for creating waveguides and other photonic devices.  In the focal 
region of the focused pulses various energy transfer processes can occur between the 
pulses and the dielectric material, these processes are of a highly complex nature. 
Therefore I will attempt to give a summarised version of those which occur to result in 
the fabrication of 3D optical waveguides which are used in this work.  It is vital that 
nonlinear light absorption processes occur at the focus for ULI to be effective, so it is 
important to understand how to induce these over linear absorption. For this reason, the 
differences between the two will first be discussed.  
 
 
2.2 Linear Absorption Processes 
 
In any non-metallic material there exists a bandgap energy, Eg, which is defined as the 
energy difference between the highest filled electron energy level – the valence band  
and the next energy level – the conduction band.  If a beam of light is incident upon the 
dielectric material, for a single photon to be absorbed and excite an electron from the 
valence band into the conduction band, the energy of that photon, Ep, must be greater 
than or equal to Eg. This condition is summarised in equation (1) and is true for all 
incident electromagnetic (EM) radiation whether pulsed or CW . 
 𝐸𝑝 = ℎ𝑣 ≥  𝐸𝑔     (1) 
 
In the case of a metal, the conduction band is already partly occupied by electrons and 
so photons can also be absorbed through free-carrier absorption (FCA).  During FCA an 
14 
 
electron can move to one of the closely spaced higher energy levels in the conduction 
band by gaining energy and momentum through absorption of a photon and interacting 
with a lattice vibration (phonon) respectively.  There is also the potential for electron 
transitions between the conduction band itself and higher energy bands. Furthermore, 
material ablation is possible if the incident light has adequate energy [66, 67].  
 
 
2.3 Nonlinear Absorption Processes 
 
Dielectric media are used as the substrate for ULI. The wavelength of the inscription 
laser must be chosen so that the photon energy is not sufficient to induce linear 
absorption over the bandgap of the dielectric in question, in other words Ep must be < 
Eg.  In an ideal dielectric material under normal conditions, photons with this energy 
would simply propagate through the material without experiencing any absorption.  In 
ULI, ultrafast pulses are used so that the high peak powers which are tightly focused in 
space sufficient to generate e-fields in the focal region.  In turn, the e-fields generated 
are great enough to excite electrons over the bandgap via the nonlinear excitation 
processes; tunnelling and multiphoton ionisation [67].  
 
Multiphoton ionisation (MPI) can occur if the energy condition above is met, during 
this process several photons are absorbed simultaneously and the combined energy is 
sufficient to promote an electron over the bandgap energy into the conduction band.  
The probability that MPI will occur is dependent on the generated e-field at the focus of 
the incident light and this process dominates at high laser frequency and low irradiance.  
Whereas, at high irradiance, tunnelling ionisation (TI) tends to dominate, this process is 
not influenced by the laser frequency.  Under normal conditions, electrons are bound to 
their atoms nucleus by the coulomb potential attracting opposite charges. During 
tunnelling ionisation the e-fields generated by the inscription laser are sufficient to 
inhibit the coulomb potential and allow electrons to tunnel through the decreased barrier 
into the conduction band [66, 67].  The probability of this occurring is proportional to 
the strength of the generated e-field.  It was presented by Keldysh that MPI and TI are 
in fact two different limits of the same process, this is outlined in [68].  He showed that 
the type of ionisation which dominates is dependent on the bandgap energy and incident 
photon energy and can be specified in terms of the Keldysh parameter, 𝛾, which is 




𝛾 =  𝜔𝑒 √𝑚𝑒𝑐𝑛𝜀0𝐸𝑔𝐼  (2) 
 
In equation (2) 𝜔 is the laser angular frequency, 𝑒 and 𝑚𝑒 are the electron fundamental 
charge and mass respectively, 𝑐 is the speed of light, 𝑛 is the material linear refractive 
index, 𝜖0 is the permittivity of free space, 𝐸𝑔is the bandgap energy and finally, 𝐼 is the 
laser intensity at the focus.  If the result of (2) is that 𝛾 is much greater than 1.5, MPI 
dominates, conversely if  𝛾 is much smaller than 1.5, TI dominates. For instances where 𝛾 ~ 1.5 both processes occur approximately equally.  The Keldysh parameter for the 
fabrication of waveguides within dielectric materials is typically ~ 1, as a result one can 
say that the photoionisation occurring is a combination of MPI and TI [67].   
 
When an electron has been promoted into the lowest level in the conduction band by 
either MPI or TI it has a number of available states above it. The electron will 
continually absorb photons from the incident laser, this absorption is mediated by 
phonons to satisfy the preservation of momentum.  The electron will repeatedly absorb 
more photons until it reaches a point at which it has enough energy to impact ionise an 
electron which is lying in the top of the valence band. The impacted electron is therefore 
excited into the conduction band.  This process is called Avalanche Ionisation (AI). It 
recurs throughout the time that the laser is incident and as a consequence, the Free 
Electron Plasma (FEP) density in the conduction band exponentially increases during 











Figure 2.1.  Nonlinear photoionisation processes which can occur during ULI. 
(a) Multiphoton ionisation, (b) Tunnelling ionisation, (c) Avalanche ionisation. 
Reproduced from [69]. 
 
For the AI process to occur some electrons must already exist in the lowest energy level 
of the conduction band, this condition can be satisfied through MPI and TI so one can 
say that these two processes seed the AI which results in the high density FEP.  If only 
the nonlinear photoionisation were the only absorption processes occurring, there would 
be a large variation in the optical breakdown threshold for different materials because of 
the very different bandgap energies.  Both MPI and TI seed the AI process and it repeats 
continuously, thus it becomes the most prominent process for increasing the electron 
density in the conduction band. The AI process depends linearly on the laser intensity, 
therefore the optical breakdown threshold is actually only loosely dependent on the 
bandgap energy.  As a result of this there is a huge variety of dielectric materials that 
ULI can be used to successfully fabricate waveguides in [67, 69] .  The FEP induced by 
the incident laser pulses oscillates with a resonant plasma frequency given by equation 
(3): 
 
𝜔𝑝 =  √ 𝑁𝑒2𝜀0𝑚𝑒 (3) 
 
where 𝑁 is the number of electrons per unit volume and the other parameters are the 
same as for (2).  This value increases with increasing FEP density until it matches the 
frequency of the inscription laser itself, at this point the plasma oscillation is driven 
resonantly by the laser and much of the rest of the pulse is absorbed by the plasma.  As 
(a) (b) (c) 
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the pulse then leaves the focal volume the plasma starts the transfer of energy to the 
cold lattice.  The point of resonance is referred to as the critical density of free electrons 
and for a ~ 1 µm inscription laser, it occurs when the density of electrons in the 
conduction band reaches levels of the order ~ 1021 cm-3.  When this resonance is 
achieved at the critical density it is assumed that optical breakdown begins in the 
material [69] .  
 
 
2.4 Energy Transfer 
 
The transfer of energy to the cold lattice is achieved through the scattering of phonons. 
This process is induced on two different timescales. On a ps timescale scale is it 
induced due to electron-ion collisions which occur until thermal equilibrium is reached 
at a temperature of approximately 105 K. It is also induced on a ns timescale due to the 
recombination of electrons with ions [70]. Therefore, the heating which actually occurs 
during the pulse is negligible for ultrafast fs pulses as the absorbed energy is transferred 
to the lattice for some time after the pulse has left the focal volume.  The ultrafast pulses 
are able to induce a situation in which minimal energy is required to reach optical 
breakdown; hence a very dense FEP exists within a relatively cold surrounding lattice.  
This allows for very efficient heating in the material within the focal volume meaning 
highly precise modification is possible and damage to the surrounding area is kept to 
minimum as thermal diffusion to outside of the focal volume is low [69].  This is the 
ideal condition for ULI to induce refractive index modification for the fabrication of 
waveguides. Whether this condition is met or not is highly dependent on the inscription 
laser pulse length.  If the pulse duration is longer than 10-100s of fs, i.e. picosecond to 
nanosecond, then the energy transfer to the cold lattice occurs on the same time scale as 
the pulses length.  In this situation thermal diffusion out of the focal volume is the 
process by which energy is transferred to the lattice. This significantly diminishes the 
heating efficiency in the focal volume compared to case of incident pulses with sub-ps 
durations.  Furthermore, the AI which is required to create the FEP is seeded in this case 
by defect states and some concentration of impurities in the conduction band, this is 
because the incident intensities achieved is not high enough to induce MPI and TI 
processes.  As a result, minor fluctuations in the number of seed electrons can 




Conversely, if pulses which are too short are used, which is of the order of 10s of fs in 
most materials, this can result in the photoionisation processes becoming predominant 
over AI and therefore themselves inducing a FEP which is able to directly cause damage 
to the material.  Ideally, one will select a pulse duration which lies in between these two 
limits ensuring that AI dominates the photoionisation processes and thermal diffusion 
outwith the focal volume is minimised [67, 69].  
 
As previously discussed, the transfer of energy to the lattice from the dense FEP induces 
efficient heating of the material in the focal volume. This heating can result in one of 
the following possible outcomes; no modification occurs, the material in this region 
melts or the material is driven into a plasma or gas phase.  If the latter two occur, the 
heat subsequently diffuses out from the material and it solidifies with a permanently 
altered structure.  Thus far, ULI has been used to induce three different structural 
modification regimes in bulk glasses and crystals; 1) a refractive index which has a 
smooth variation, 2) nano-gratings which cause a birefringent change in the refractive 
index and 3) formation of voids of decreased material density.  The specific 
mechanisms which are responsible for these structural modifications are not yet fully 




2.5 Index Modification by ULI 
 
ULI has previously been shown to be useful in the modification of many material 
parameters leading to the three regimes named in the last section, they include thermal 
conductivity, optical absorption, chemical etch rate and most notably for this work the 
refractive index; for this reason this is the regime which will be concentrated on and 
discussed fully in the next section.  
 
By definition, a waveguide is a structure which confines and directs the propagation of 
electromagnetic radiation. One method to achieve this is to create a continuous track of 
material which has increased refractive index compared to the surrounding material.  To 
fabricate this type of structure with ULI, the ultrafast laser beam must be focused 
beneath the surface of the material and then translated through it.  It is actually more 
practical to have a fixed position inscription laser and then fix the substrate on an xyz 
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stage which can be translated through the laser focus.  With fine and accurate control of 
the inscription parameters, one can simply translate the substrate straight through the 
focus once to induce a region of increased refractive index resulting in a waveguide 
with a step profile, this is generally the simplest case. For more complex structures in 
which the waveguide size must be very accurately controlled or a negative change in 
refractive index is desired, the process is a little more complicated and the translation 
stage must have nm precision to achieve this [69].  
 
2.5.1 Inscription Geometry 
 
There are two geometries which can be used to implement ULI; longitudinal and 
transverse. 
 
Figure 2.2. Geometries which can be used for ULI, (a) longitudinal and (b) 
transverse.  
 
In the longitudinal geometry the substrate is translated in the direction parallel to the 
incident laser beam as shown in Figure 2.2 a).  The advantage that this holds, is that the 
cross section will be circular and symmetrical which is usually desired.  However, the 
length of waveguide is severely restricted by the working distance of the focusing lens 
used, in ULI high Numerical Aperture (NA) lenses are usually utilised to ensure tight 
focusing and these inherently have working distances limited to only a few mm. 











initially at least, write waveguides longer than this and so it is not suitable.  In attempts 
to overcome this limitation there have been cases where lenses with lower NA values 
have been used to focus the laser beam. However, to meet the required intensity to 
induce the necessary photoionisation processes, high laser peak powers are required.  
These high peak powers induce the formation of a Kerr-lens self-focusing effect. During 
the ULI process, this self-focusing effect has been shown to cause the formation of long 
filaments of refractive index change [72] .  Therefore it can be exploited for the 
formation of long waveguides overcoming the working distance limitation of the lens.  
However, the drawback of this process is that the formation of a waveguide takes a long 
time compared with that of transverse geometry methods which are discussed later. As 
an example, in silica glass it took 10 minutes to inscribe single filaments between 120-
200 μm long with a 0.1 NA lens [73]. Whereas, transverse geometry inscription 
methods can inscribe the same waveguide length in typically a few tenths of a second 
[74]. Thus the working distance limitations can be overcome, but writing speed is 
drastically reduced. A different method to overcome the length limitation of the 
longitudinal geometry is to use a Bessel beam rather than a Gaussian beam shape. An 
axicon lens can be used to achieve this as reported in [75], the authors used this 
technique to write waveguides in BK7 glass. This method does, however, complicate 
matters further as the inscription is depth dependent so fabricating a consistent structure 
throughout the length can be challenging. 
 
In the transverse case the substrate is translated in the direction perpendicular to the 
propagation direction of the inscription laser beam, this is demonstrated in Figure 2.2 
b). This allows for the fabrication of waveguides of potentially any length limited only 
by the maximum stage translation as the lens working distance is no longer an issue. 
The disadvantage of this geometry is that the fabricated waveguide has an asymmetric 
cross section. This is due to the difference in the beam waist diameter and the confocal 
parameter at the focus, this is detailed in equations (4) and (5).  




In equations (4) and (5) w0 is the focused beam waist radius, w(f) is the beam radius at 
the lens, f is the focal length of the lens, NA is the numerical aperture of the lens, 𝜆 is 
the laser wavelength in free space, n is the refractive index of the substrate and b is the 
confocal parameter which is twice the Rayleigh length: z0. From these equations it is 
clear that 2w0 and b will only be close and so result in a near symmetrical waveguide, if 
the beam waist radius w0 is ~  
𝜆𝑛𝜋. This can only be achieved if the focusing lens used 
has an NA which is approximately equal to the refractive index of the substrate. 
However, creating waveguides this small can have a very detrimental effect on the 
confinement of the waveguide with the 10-2 ~ 10-3 refractive index modification which 
is usually induced by ULI [76]. As a result, a single scan waveguide inscribed with ULI 
which exhibits suitable confinement for a guided mode will generally be elongated in 
the direction parallel to the beam axis as will be shown later. A symmetrical waveguide 
is more suitable for many application requirements. For this reason it has been 
necessary to investigate techniques for manipulation of the waveguide cross section and 
shape of the inscription beam, to achieve a high degree of waveguide symmetry.  
Several of these methods are discussed in the next sub-section.  
 
2.5.2 Beam Cross Section Manipulation Techniques 
 
Astigmatic Beam Shaping 
 
The first method which can be employed to control the cross section of the resultant 
waveguide is astigmatic beam shaping (ABS).  It was first demonstrated in 2002 by 




















Figure 2.3. Experimental setup of astigmatic beam shaping technique.                  
Reproduced  from [77]. 
 
The basis of this method is to create an effective reduction in the Rayleigh length in the 
z direction at the focus, which will result in equations (4) and (5) having a much smaller 
difference and therefore a near-symmetric cross sectional modification occurs at the 
focus.  The Rayleigh length is reduced by altering the distance between two lenses 
which form a cylindrical telescope prior to the focusing objective; this can be seen in 
Figure 2.3 The substrate is fixed in an x-y plane, with sample translation along x-axis 
and beam propagation direction in z-axis. The astigmatism which causes different 
focused beam sizes in the x and y planes can be tuned suitably to guarantee tight 
focusing in the x-z plane. This minimises the asymmetry and so leads to the fabrication 
of near-symmetric circular cross section waveguides. This technique was successfully 
employed a number of times but its use was quickly overshadowed by the development 




In this method a thin slit is simply placed before the focusing lens, the aim is to place 
the slit at a distance such that the incident beam fills the lens in one axis and under fills 
it in the other. Hence, the lens induces a different NA for each axis and the specific 
distance from the lens to the slit can be tailored to control the focal volume shape and 
adjust for asymmetry.  Although this is the simpler technique compared to the ABS 
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method, it is limited by the fact that it only applies manipulation of the beam size in one 
dimension.  This can be an issue if the desired device requires bends/inscription in 
another direction as the slit would have to be adjusted for this which would complicate 
the process.  This technique, and that of ABS, presented two particular difficulties for 
the fabrication of some desired waveguide structures.  The first being a lack of 
flexibility; the cross section of a waveguide is constant and cannot be readily altered 
either between concurrent waveguides or in a particular waveguide.  The second is that 
both techniques allow manipulation in only one dimension, so the cross section of 
waveguides which include bends would vary along the length.   
 
In more recent years an important development was made to overcome these 
limitations.  New techniques involved the use of computer controlled active optics 
before the focusing lens to shape the laser beam.  These include the use of a deformable 
mirror and a spatial light modulator (SLM). 
 
Active Optics Techniques 
 
The setup used when applying the method of a deformable mirror is shown in Figure 
2.4.  It was first demonstrated in 2008 by Thomson et al [78].  The idea is to project the 
light on to a very thin 2D membrane referred to as a “deformable mirror”.  This 
membrane is hung over the top of a series of electrode actuators, an applied voltage can 
cause the membrane to be pulled towards and away from the actuators effectively 
deforming its shape and so the shape of the reflected beam.  In this way the focal 
volume distribution is controlled in the substrate.  As the whole process can be 
computer controlled this has the advantage over using the standard Slit Method that 





Figure 2.4. Experimental setup of deformable mirror technique for beam cross 
section manipulation. Reproduced  from [78]. 
 
To use the SLM technique, one replaces the slit or cylindrical telescope arrangement 
with an SLM.  The SLM gives the user the ability to introduce a controlled astigmatism 
in the beam wavefront prior to propagation through the focusing optics. The amount of 
astigmatism can be manipulated by a computer during the inscription process as 
opposed to previously when the slit would have to be physically adjusted continually 
and so, as with the deformable mirror, devices with bends or other complex structures 
can be created with greater ease.  This was first demonstrated by Ruiz de la Cruz et al. 




Figure 2.5. Schematic diagram of the experimental setup used to control the 






Finally, the technique of fabricating near-symmetric structures using multiple scans to 
build up the waveguide will be discussed.  This is the method that is used throughout 
this work in an attempt to control the cross section.  Unlike the other methods 
previously mentioned, this one does not involve manipulation of the inscription beam 
before the objective lens.  This method simply involves inscribing multiple tracks 
sequentially to build up a waveguide with close to homogenous modification throughout 
the required cross section [76].  
 
 
2.6 Types of Waveguide Fabrication  
 
Depending on the material substrate itself and the inscription parameters attainable, ULI 
can be used to write regions of increased or decreased effective refractive index.  As a 
result, there are a series of inscription patterns which may be possible and these are 
summarised in Figure 2.6.  Type I waveguides are those which are fabricated through an 
increase of refractive index in the modified area.  A single scan of Type 1 modification 
is asymmetric as shown in the diagram, and directly next to this we can see a Type I 
waveguide; this is constructed by inscribing a series of single scans and translating the 
sample a small distance in the x axis in between each scan.  The result is a near square 





Figure 2.6. Schematic diagram of the types of waveguides which can be 
fabricated using ULI as viewed from the end facet of a substrate. blue: localised 
increase in refractive index, black: effective reduction in refractive index. 
 
For many materials, especially crystalline structures, Type 1 modification is often very 
difficult to achieve with the standard available inscription parameters, however it is 
possible to write tracks of what are referred to as damage lines and induce a region of 
reduced refractive index by making use of the strain-optic effect.  In this case it is not 
the directly modified region which has the useful index change but the volume 
surrounding the modification.  A Type II waveguide is formed by inscribing 2 parallel 
tracks and the light is confined to the centre region by the overlapping strain fields 
induced by the inscribed region.  In this case the core i.e. the guiding region is 
unmodified material and the strain overlap required is achieved by inscribing damage 
lines which are essentially regions of decreased refractive index compared to the 
surrounding bulk material.  Guiding light down an unmodified core can be 
advantageous over Type I guiding in situations where knowledge/understanding of the 
fundamental material parameters are vital to the application as these can change during 
type I inscription.  The last waveguide type in the figure and one which has proven 
particularly useful for efficient guiding in the mid-IR is called a Depressed Cladding 
Waveguide.  This structure is made by arranging Type II elements in a ring-shaped 
fashion and was first successfully demonstrated in Nd:YAG material by Okhrimchuk et 
al. [80].   The reason these depressed cladding structures are particularly useful for the 
confinement and propagation of mid-IR light is that scaling waveguides in size from 10 
Type I Single 
Scan 
Type 1  
Multiscan 
Waveguide 







µm to 300 µm can be achieved relatively easily without the need for increasing the 
inscription laser pulse energy and therefore potentially causing unintended damage and 
cracking in the sample. This range of sizes has been found to be optimum for 
propagation at this wavelength. This is not the case for Type II waveguides, their height 
is limited by the ablation threshold of the substrate material and substrates can be easily 
damaged if this is reached in attempts to increase the waveguide size.  
 
The multiscan method is a very useful tool which allows for quick fabrication of many 
waveguides in a substrate during one inscription run. This is advantageous over other 
waveguide fabrication techniques particularly in the development of a waveguide laser.  
The user can write and test many waveguides very quickly once suitable initial 
inscription parameters are identified and so the process of optimising the laser can be 
very efficient.  The properties of the resultant waveguide structures which are a result of 
ULI are dependent on a variety of inscription and material parameters. The following 
section describes these parameters and their role in the inscription process.  
 
 




The pulse duration has important implications for the outcome of the modification 
which have been discussed in some detail above. It controls to a degree the extent at 
which the nonlinear effects occur, because it alters the peak powers generated at the 
focus for a given pulse energy. This parameter has also been shown to have an effect on 
the propagation loss of the inscribed waveguide [81]. The authors varied the pulse 
duration and investigated the resultant waveguide propagations losses; they found that 
particular windows of pulse duration were optimum for low loss waveguide fabrication. 
However, the exact mechanisms responsible for the behaviour exhibited are not yet 










The value of the pulse energy is critical to the ULI process as it dictates how much 
energy is transferred to the material.  Control of this parameter is vital to induce the type 
of modification desired.  
 
Pulse Repetition Frequency  
 
This parameter is also one of the most important to consider when performing ULI due 
to the associated thermal implications.  At very high PRFs, thermal accumulation of 
pulses can occur as the material is not permitted sufficient time to cool in between 
pulses. For as long as the pulses are incident, the material undergoes melting. When the 
pulses have exited the focal volume, heat diffuses from the focal region in all directions 
equally, this results in a larger modified region which has a more symmetric cross 
section. Whereas, at low PRFs, each pulse interacts with cold material and thermal 
accumulation does not occur at all. The spatial distribution of the modified region in this 
case is governed by the spatial distribution of the FEP induced by each pulse and the 
effect of heat diffusion away from the modified region is negligible. Therefore, the PRF 
can play a pivotal role in determining the size of the modified material volume and 
hence the waveguide cross section [69]. 
 
Laser Wavelength  
 
Again, this is one of the most important inscription parameters.  As the process relies on 
the nonlinear processes discussed, the wavelength must be chosen to satisfy the 
condition for MPI, as a result the chosen wavelength depends on the substrate material 




Similar to the laser PRF, this parameter can determine if subsequent pulses overlap and 
to what degree and therefore how much, if any, thermal accumulation occurs.  This in 
turn can be used to control the cross section and guiding region of the inscribed 






Several studies have demonstrated that the polarisation of the incident laser beam has 
significant ramifications on the resultant magnitude of the refractive index change in 
various media. For example, in fused silica, it has been shown that linearly polarised 
incident laser radiation results in a greater refractive index modification when compared 
to circularly polarised light. The authors attempt to explain this by suggesting that there 
is a polarization dependence of the photoionisation rates in this material [82]. 
 
Objective Lens NA 
 
This parameter directly controls the peak irradiance that can be achieved in the material. 
As can clearly been seen from equation (4), it also has a crucial role in determining the 
cross section of the modified region.  
 
 
2.8 Chemical Etch Rate Modification 
 
Although this description has been heavily focused on the use of ULI for writing 
waveguides as this is what it has been used for in the presented work, it should also be 
noted that this technique has also been successfully used for its ability to locally 
increase the chemical etch rate of some materials [69].  Unlike the refractive index 
modification which has been demonstrated in a range of different crystals and glasses, 
this effect has only been shown to work in a select few, including fused silica.  This is 
because, as opposed to the refractive index modification which is loosely dependent on 
the bandgap energy, the mechanism by which the chemical etch rate is changed is 
heavily dependent on the substrate material parameters.  It has been reported that the 
increase in etch rate in inscribed regions is due to induced reductions in the bond angles 
which are then more easily broken by Hydrofluoric acid [83].  It has also been reported 
that another reason for the etch rate increase is that ULI generates nano-cracks in the 
substrate which the HF can infiltrate much more easily compared to the un-irradiated 
material [84].  
 
As a result of the successes in changing the refractive index and chemical etch rates 
using ULI a number of useful devices have been reported in addition to waveguide 
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lasers.  These include a microfluidic cell sorter, photonic lantern, multicore fibre 
couplers and wavelength division multiplexers to name but a few.  For details of many 





The technique of ULI has been introduced in this chapter; it has been shown to be a 
versatile tool for the fabrication of 3D channel waveguides in dielectric media. The 
underlying physical processes and mechanisms of ULI which lead to refractive index 
modification in a substrate have been detailed.  The geometries which can be used have 
been presented. The challenges posed by the different geometries have been discussed 
as well as various methods which can be employed to overcome these.  It is concluded 
that utilising a transverse geometry setup with adequate control of the laser inscription 
parameters can be an effective way to fabricate waveguides which support the 
confinement of IR and mid-IR radiation.  This is pivotal to the project of building 






















Chapter 3. ULI Waveguides in Er3+:GLS for Mid-Infrared Emission 
 
3.1 Spectroscopy of Erbium doping for Lasers 
 
This chapter presents the results obtained during investigations into the use of the 
relatively new chalcogenide glass GLS which has been doped with Erbium, with a view 
to demonstrate a compact waveguide source emitting on the ~ 2.9 µm line associated 
with this dopant.  The wavelength emitted by an RE doped laser material is based on the 
radiative transitions which are available between the energy levels of the RE ions.  The 
energy levels themselves, and so the specific wavelength of the emitted radiation, 
depend on the local electric field in the particular host material as this causes Stark 
splitting of the dopant ion  [40, 85].  An example which illustrates this point in the mid-
infrared is Erbium, it is most well-known for lasing at 2940 nm in the host material 
YAG [45, 86-88]. However it has also demonstrated lasing at 2797 nm, 2821 nm [88] 
and 2716 nm [89] in other host materials.  The trivalent Erbium ion, Er3+, is chosen for 
use as a dopant ion because of its emission potential in several useful spectral regions.  
The basic energy level structure of the Er3+ is shown in Figure 3.1.  
 
Figure 3.1. Energy level diagram of Er3+ ion. The transitions highlighted are 
those which are important for laser operation. Green dashed arrows represent 
fast non-radiative decay, black dashed arrows indicate a sequential pump 
absorption process and the solid arrows represent radiative transitions and 
absorption. The diagram was produced using information from [90-93]. 








































The laser transition which has been the most extensively used and developed is that 
from energy level 4I13/2 to energy level 
4I15/2 at  ~ 1.55 µm, this is because it lies in the 
telecommunications C-Band window from 1528-1561 nm [94].  The most common 
setup to activate this laser transition is to use a pump source at ~ 970 nm to excite 
electrons into the 4I11/2 level, these quickly decay into level 
4I13/2 and with suitable 
mirrors to create a resonator, lasing operation occurs from 4I13/2→4I15/2. This emission is 
demonstrated by the solid blue arrow in Figure 3.1.  Laser action is initiated because the 
lifetime of the 4I11/2 level is short compared to level 
4I13/2, hence a population inversion 
can easily occur on this transition through pumping into the 4I11/2 level. In-band 
pumping schemes have also been demonstrated in which pump wavelengths in the 
absorption peaks which range 1450-1490 nm [95, 96] and 1520-1550 nm [96-98] can be 
used. In-band pumping is possible due to the splitting of each energy level into several 
Stark sublevels. For the application of in-band pumping, one option can be to excite 
electrons from the ground state into a particular energy level which radiatively decays 
directly into a higher energy sublevel of the ground state, which in this case is the lower 
lasing level. Another configuration employed is to pump electrons into a particular 
energy Stark sublevel, from here the electrons can decay non-radiatively to another 
nearby sublevel then lase between this Stark manifold and the ground state. These in-
band pump schemes can be useful for emission in line with the L-Band communications 
window, 1561-1620 nm [94] and beyond, which is largely increasing in use. In-band 
pumping is also beneficial for overcoming efficiency limitations associated with the 970 
nm pumping scheme.   As already discussed in chapter 2, the development of ultra-low 
loss silica optical fibre transformed the field of telecommunications.  This fibre is found 
to experience these remarkably low loss values for wavelengths in the region of 1.55 
µm [59] thus justifying the subsequent development of sources in this spectral area, in 
particular the EDFA which has demonstrated gain greater than 50 dB [99].  Er3+ has 
been doped into many other materials and shown to successfully lase on this transition. 
Examples include Er3+:tellurite glass [100], Er3+ doped bismuthate glass [101] and 
phosphate glass co-doped with Er3+ and Yb3+, in which the Yb3+ presence increases the 
pump absorption efficiency and transfers the absorbed energy to the Er3+ [102]. Er3+ has 
also been utilised to demonstrate the operation of upconversion lasers for the generation 
of visible green light in materials including fluorozirconate [103, 104] and others [90-
92]. An upconversion laser is one in which the emission wavelength is shorter than the 
pump wavelength i.e. the energy of the lasing photons is greater than the pump energy. 
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The processes which are responsible for the operation of these upconversion lasers are 
covered in detail in sub-section 3.5.1. 
 
3.1.1 Mid-IR Emission from Er3+ doped Media 
 
As this work is focused on mid-infrared source emission, it can be seen from Figure 3.1 
that there are relevant potential laser transitions not only at ~ 2.9 µm as represented by 
the solid red arrow, but also at ~ 4.5 µm and 3.5 µm. Whilst laser emission has been 
demonstrated on the latter transitions previously [105-107], the ~2.9 µm transition has  
received the most attention and research. This is most certainly driven by the 
applications in medicine and dentistry in this spectral region; these specific applications 
are due to the fact that dental enamel consists of  85% volume hydroxyapatite, and 12% 
volume water, both of which experience strong absorption coefficients at wavelengths 
in the region of 2.9 µm [108, 109]. This wavelength is therefore also strongly absorbed 
by the high water content in tissue, resulting in the ability to perform microsurgery very 
accurately with minimal thermal damage in the localised area [110]. Er3+ lasers emitting 
at 2.9 µm also find some use in remote sensing [111] through the small atmospheric 
transmission bands within close range of this wavelength which can be seen in Figure 
1.1. As previously stated, the specific allowed energy transitions in an RE doped 
material are dependent on the substrate material structure [49]. As a result, lasers 
emitting on the 4I11/2→4I13/2 transition have been observed spanning the range 2.7-2.94 
µm in a number of different host materials. Perhaps the most well-known combination 
is Er3+ doped into YAG crystal. This is mainly due to the superior thermo-mechanical 
properties associated with YAG over other hosts which are desirable for high output 
power performance. Er3+:YAG lasers at this wavelength are now widely available 
commercially and have demonstrated CW Watt-level output powers [45]. The 
mentioned properties and a detailed discussion of YAG as a dopant host is presented in 
chapter 5. Demonstrating lasing action from the 4I11/2→4I13/2 emission level in Er3+ 
brings with it the challenge of generating a population inversion when the upper lasing 
level has a much shorter lifetime than the lower lasing level. Generally a ~ 970 nm 
pump is used to pump electrons directly into the upper lasing level 4I11/2 and various 
methods can be employed to induce the required population inversion, a number of 





3.2 Gallium Lanthanum Sulphide Host glass 
 
From the discussion in the previous section it is concluded that the wavelengths emitted 
from RE doped laser solid-state media are heavily dependent on the host material 
parameters. Two of the principal parameters to consider when identifying potential host 
media are the material transparency and the phonon energy, these determine which 
possible radiative transitions are allowed to occur. As presented in chapter 1, a phonon 
is defined as a quantised vibration by which an electronic energy level in an atom/ion 
can decay. For emission in the mid-IR it is desirable to use a material substrate with a 
low phonon energy to maximise the upper lasing level lifetime.  In materials which  
support a low phonon energy, more phonons are necessary to bridge the gap between 
energy levels. The chance of this multiphonon process occurring is low, thus ensuring 
that the decay is radiative. To summarise, an optimum host for potential emission in the 
mid-IR will be transmissive throughout the mid-IR spectral region, have a low phonon 
energy and is readily acceptant of RE dopant ions [49].  
 
3.2.1 GLS Fundamental Properties 
 
GLS is a chalcogenide glass which has relatively recently emerged as a potential mid-IR 
laser material exhibiting the aforementioned properties. Figure 3.2 displays a graph of 
Transmission vs. Wavelength through a 1 mm sample of GLS with 1 mm and Table 3.1 




Figure 3.2. Transmission vs. Wavelength measured through a 1 mm thick 




Material Property  Value 
Optical transparent range 0.5-10 µm 
Zero material dispersion wavelength  3.61 µm 
Refractive index @0.589 um 2.493 
Thermo-optic (dn/dt) 75 × 10-6K-1 
Glass Transition Temp.  853 K 
Phonon energy 425 cm-1 
Thermal conductivity  0.43 W cm-1 K-1 @ 273 K 
Table 3.1. A table summarising some of GLS glass key material parameters, 
information contained in table has been gathered from [49, 112, 113] and 
datasheets provided to us by the glass manufacturers/suppliers, which are 
continually updated.  
 
Unlike standard crystalline semiconductors which show a sharp absorption edge, in a 
disordered glass material it is expected that the absorption coefficient has an exponential 
dependence on the photon energy when the incident radiation has energy below the 
optical band gap energy. The observed decrease in transmission as absorption increases 
can typically span 10s of microns in wavelength before transmission reaches zero.  This 
has the appearance of a tail and so is referred to as the Urbach tail, after Franz Urbach 
initially observed it in 1953 [114]. It occurs as a result of interband-gap states between 
extrinsic impurities and intrinsic defects which can be accessed through multiphoton 
absorption processes [115, 116].  In GLS, the Urbach tail reduces to zero at 
approximately 2.6 eV; in terms of wavelength this is equivalent to ~ 477 nm, hence the 
deep orange appearance of the glass.  
 
From Table 3.1 it can be seen that the phonon energy for GLS is 425 cm-1, which is 
significantly lower compared to that of other commonly used glasses such as silica and 
phosphate, which have values in the 1100-1200 cm-1 range [117, 118]. It is also slightly 
lower than that of fluoride based glasses at ~ 500 cm-1 [119].  Before GLS was formed, 
it was widely accepted that chalcogenide materials were not suitable for use as a host of 
RE ions because of their inherent low solubility of these ions. However, the first 
formation of GLS was to be pioneering in this field as low RE solubility was not the 
case with this glass, this is because Lanthanum itself is an RE ion [49]. This was the 
first time a chalcogenide glass compound existed with an RE ion as a main constituent, 
the Lanthanum ions can be relatively easily replaced with any RE ion, rendering it ideal 
for this type of doping. Since its discovery by Flahaut et al. in 1973 [120], GLS has 
attracted much attention and has been extensively studied for its potential use as an 
emission substrate material.  
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GLS possesses several other advantageous qualities over other chacognides. It is a 
chemically stable, non-toxic material and it has a relatively high glass transition 
temperature of 853 K. This means that the fabrication and the correct handling 
procedure  of GLS is much simpler compared to other chalcogenides which tend to 
contain Arsenic or another toxic element such as Se or Te [121]. In addition, one can 
apply high power incident radiation on the glass with minimal thermal damage 
compared to, for example As2S3, which has a glass transition temperature of 426 K. 
Furthermore, it will suffer less from temperature fluctuations in the environment which 
could otherwise have a detrimental effect on the glass structure [49]. An additional 
advantage of the high glass transition temperature of GLS is that fibre geometry can be 
exploited which can benefit many applications over a bulk glass. Crystallisation often 
occurs during the fibre pulling process of other chalcogenides. It occurs as a result of 
the high temperatures required to pull fibres, but the higher transition temp in GLS 
means it can endure these without the risk of crystallisation occuring [122]. Despite the 
favourable properties that GLS exhibits for the application of mid-IR laser emission, it 
does suffer from a high thermo-optic coefficient and poor thermal conductivity which 
are shown in Table 3.1. When pumping with significantly high power a thermal lens 
will be induced in the material due to the high thermo-optic coefficient. The low 
thermal conductivity will result in poor heat distribution away from the laser mode 
which is causing the thermal lens [49]. The laser output would be detrimentally affected 
and consequently, attempts at power scaling laser devices may be limited. Previously, 
GLS has proven to be a useful host material for doping with Nd ions resulting in 
successful laser emission in the near-IR ~ 1 µm in both fibre [123] and bulk [124] 
configurations. The aim of this work was to attempt exploit the favourable parameters 
of GLS, particularly the low phonon energy, for emission at higher wavelengths into the 
mid-IR by using Erbium as the dopant.   
 
3.2.2 GLS Fabrication Procedure 
 
The fabrication method described here is that developed by the suppliers of all glass 
samples used throughout this work – the Optoelectronics Research Centre (ORC) in 
Southampton University.  
 
The process begins with Gallium Sulphide and Lanthanum Sulphide in powder form, 
which are assembled together in molar ratios which range from 58Ga2S3:42La2S3 to 
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72Ga2S3:28La2S3 dependant on what the glass is to be used for. For instance, a melt 
with a higher Lanthanum Sulphide concentration has a higher refractive index which 
can be used as the core in a fibre. The powders are melted together in a vitreous carbon 
boat which is put into a silica tube inside a furnace. The mixture is melted at a high 
temperature of 1423 K for around eight hours and then the carbon boat is moved along 
the silica tube and out of the furnace where a flow of water is directed around the tube 
quenching the melt into a glass. The next stage is to anneal the glass in a furnace at a 
lower temperature of around 800 K for typically twenty four hours. It is annealed at 800 
K because at this temperature the internal stresses in the glass are relieved which results 
in a much more durable glass that is ideal to cut, shape and polish. During the melting, a 
continuous flow of Argon is directed around the melt in an attempt to reduce glass 
impurities. More recently the ORC have introduced reactive atmosphere melting where 
instead of Argon, Hydrogen sulphide/Sulfur hexafluoride are used. This further reduces 
Oxygen and Hydroxide impurities in the glass and more importantly, it counteracts 
sulphur loss which can occur during fabrication. This update to the process has resulted 
in a much higher quality glass produced in higher quantities [49, 125]. For doped 
glasses part of the Lanthanum Sulphide is replaced in the powdered form of the desired 
dopant ion, it is usually a molecule which is added in, for example Er2O3, Pr2S3 etc.  
 
 
3.3 Laser Schemes in Er:GLS 
 
The absorption spectrum as a function of wavelength for Er3+ doped GLS glass is shown 
in Figure 3.3, it also shows the  atomic energy level diagram and the corresponding 
approximate energy level radiative lifetimes. From here on Er3+ doped GLS will be 




Figure 3.3. Atomic energy level diagram and absorption spectrum of Er:GLS. 
Diagram and annotated lifetime values reproduced from [125]. 
  
Initially, research efforts were concentrated on the demonstration of laser action 
between the 4I11/2 and 
4I13/2 levels. This transition is highlighted in green in Figure 3.3 
and has an expected emission wavelength of 2.75 µm. This is the mid-IR transition in 
other Erbium doped material which has shown the most success in previous work 
compared to the ~ 3.5 and 4.5 µm transitions [45, 87, 88, 126-128]. Sources at 980 nm 
are required for pumping directly into the 4I11/2 level to induce a three level laser system, 
these are readily available in diode form. Pumping directly into the upper lasing level is 
preferable here because non radiative transitions which cause quick decay into the upper 
lasing level as with a four level system cannot be relied upon in this type of low 
multiphonon energy glass, as covered in detail above. It is desirable to have a situation 
in which the upper lasing level has a longer lifetime than the lower lasing level so that 
the population inversion generation required for lasing can be achieved with little 
difficulty [129]. However, in situations where this is not the case, as is here, there are 
some potential solutions which can be employed to overcome this issue and these will 












3.4. Inscription of Mid-IR Waveguides in Er:GLS 
 
ULI waveguides were fabricated in GLS for the first time by Hughes et al. [130] at the 
ORC in Southampton. However, to fabricate low loss waveguides using ULI in any 
substrate that has not been used in a particular inscription setup, an in-depth 
investigation must be carried out initially to identify the optimum inscription parameters 
offered by the system for that substrate. Such an experiment was carried out by a 
previous member of the Nonlinear Optics (NLO) group at Heriot Watt University 
(HWU) in undoped GLS. The detailed analysis and characterisation of the resultant low 
loss waveguides fabricated by the NLO group ULI system can be found in [131]. The 
author found at this time he was unable to establish a regime in which ULI could be 
used to induce a negative change in refractive index in GLS that could be utilised for the 
fabrication of depressed cladding like structures or Type II waveguides. However, 
suitable inscription parameters were identified which resulted in the fabrication of high 
quality Type I waveguide structures with propagation losses measured using the cut-
back technique to be as low as ~ 0.6 dBcm-1.  
 
It is now generally accepted that a ULI induced positive refractive index change in GLS 
is caused by means of stress in the substrate material imposed by the incident laser 
[132] and densification [133]. The origins of the propagation losses associated with the 
waveguides are not yet entirely established, as a result research continues in the field to 
fully understand them. However, it has been reported that scattering is responsible for a 
considerable proportion of the loss [134, 135]. Broken chemical bonds, extended 
defects and laser induced colour centres which are a result of the ULI process are 
thought to be responsible for the significant scattering present [136, 137]. Radiation 
from leaky modes in the waveguide core are thought to be responsible for another 
portion of the loss – the evidence for this is most apparent when a small index change is 
induced and thus the confinement of guided light is rather weak [138].  
 
Silica has been used extensively in the study of ULI and as a result waveguides 
inscribed in this glass have reported propagation losses as low as ~ 0.1 dBcm-1 [57, 
139].  However, the lowest propagation loss measured in a waveguide fabricated by 
ULI is 0.027 dBcm-1, this was demonstrated in Gorilla glass [140]. This puts into 
context the 0.6 dBcm-1 loss value observed in GLS glass and although higher than these 
values it is slightly lower than the lowest loss reported to date in GLS, which was 
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measured to be 0.8 dBcm-1 by Arriola et al. [141] . It is thought that with further 
investigation possible with a wider parameter range, beyond the scope of our system, 
improved losses could be achieved. Previously ULI has been used to inscribe Type I 
waveguides in a number of doped glass substrates which have been developed into 
effective waveguide lasers. Some examples include a Tm3+:fluorogermanate glass 
which demonstrated lasing action at 1.91 µm with an output power of 32 mW and a 
slope efficiency of only 6% [142], a Yb:Bismuthate glass, lasing at a wavelength of ~ 1 
µm with a maximum output power of 163 mW and a remarkable slope efficiency of  > 
78% [143]. Further examples are the Nd doped silicate ULI waveguide laser 
demonstrated by Ramsay et al. with an output power and slope efficiency of 7.5 mW 
and 15% respectively [144] and a co-doped Er:Yb:phosphate glass waveguide laser with 
maximum output power of 50 mW and a slope efficiency of 21% [145]. These examples 
display a range of different dopant and substrate glasses which have been successful in 
the realisation of a Type I ULI waveguide laser thus demonstrating the versatility of this 
technique in glass materials for this purpose.  
 
3.4.1 ULI Setup at Heriot-Watt University  
 
The laser inscription setup used by George Demetriou in his initial GLS inscription 
parameter investigation as well as the subsequent waveguide inscription in the Erbium 
doped GLS samples covered in this work will now be described. The ultrafast laser was 
an IMRA µJewel D400, this is a Yb:fibre, chirped pulse MOPA system. The laser 
operated with circular polarisation at a central wavelength of 1043 nm. The pulse width 
was ~ 359 fs with a PRF of 500 kHz, the maximum pulse energy available was 2.5 µJ. 
The system operated in the transverse geometry setup described in sub-section 2.5.1. 
The system is computer controlled. The user is able to control the sample position by 
mounting it on air bearing XZY Aerotech stages with the capability of nm precision. 
The other parameters which can be varied by the user are the average power, the speed 
of the translation stage through the focused beam and how tightly the beam is focused 
below the substrate surface by careful selection of the focusing lens. To build up the 
Type 1 multiscan structures described in section 2.6 one can specify both the number of 
scans to inscribe and the separation between scans from the control PC, in this way the 
user has control over the width of the waveguide. This is important because it gives the 




The optimum output for an initial lasing demonstration is a single transverse Gaussian 
mode. This is because this condition ensures maximum overlap between the pump and 
signal within the waveguide resulting in the lowest lasing threshold [146].In addition to 
this, higher coupling efficiencies are achievable for single mode profiles if the NA of 
the waveguide can be matched to the coupling optics. Furthermore, multimode 
waveguides, in general, tend to exhibit higher propagation losses because they will 
experience more combined internal reflections, between the core and cladding, than one 
single mode. Practically, this is not always the case with ULI waveguides as the smaller 
inscribed waveguides that are required for single mode operation can have higher 
propagation losses, but this is due to the inscription process and parameters which the 
user will attempt to optimise.  Transverse single mode output also has a number of 
advantages for applications involving the output beam. It is more straightforward to 
optically manipulate a single mode beam with lenses and such compared to a multimode 
beam. It can be focused to smaller spot sizes and the resulting higher irradiances are 
useful for many applications [146].  It also is essential if one should wish to use the 
laser in the modelocked regime. 
 
3.4.2 Type I Waveguide Inscription in Er:GLS 
 
The Er:GLS samples used throughout this work were fabricated by our collaborators at 
the ORC in Southampton University. To begin with, the samples available were a series 





Hence, these samples will be labelled 1%Er:GLS, 2%Er:GLS and 5%Er:GLS for 
simplicity form here on. The ULI system described above was used to fabricate a series 
of Type I waveguides in a sample of 1%Er:GLS in an attempt to find the optimum 
parameters to achieve single mode propagation for the emission of the transition 
corresponding to 2.75 µm, see Figure 3.3 for clarity. With a base knowledge of the 
range of parameters that give a successful positive index change from previous work 
done [131], the important parameter to vary to execute that aim was the waveguide 
diameter. The separation between each scan contributing to a waveguide and the 
42 
 
number of scans per waveguide were varied; the result was a series of waveguides with 
diameters ranging from 8.4 – 13.26 µm. A 0.4 NA lens was used to focus the laser 
pulses to a depth of 150 µm below the GLS surface, the sample was then translated 
perpendicularly to the direction of the laser beam. The effect of the pulse energy and 
sample translation speed were also investigated by using values ranging from 40 to 80 
nJ and 4 to 16 mms-1 respectively. Figure 3.4 is a transmission microscope of the Type I 
multiscan waveguides in a 1%Er:GLS sample. After inscription, the end facets were 
polished to a high optical standard which can be seen in this image.  
 
Figure 3.4. Microscope image of the end facet of the 1%Er:GLS sample with 
ULI waveguides inscribed.  
 
3.4.3. Mid-IR Waveguide Characterisation and Fluorescence Measurements 
 
The sample was then used in the experimental setup shown in Figure 3.5 for waveguide 
characterisation.  
Figure 3.5. Schematic diagram of the experimental setup used to characterise 
Er:GLS waveguides.L1 and L2 are aspheric plano-convex lenses AR coated at 
652 – 1050 nm. LP is a 2 µm long pass filter.  
 
The pump laser used was a 980 nm fibre coupled diode with a maximum output power 
of 1 W. The 980 nm fibre output was collimated with a 10X magnification aspheric 
lens.  L1 is the incoupling lens which couples the pump light into each waveguides for 















coupling into each waveguide, these lenses were Anti-reflection (AR) coated from 625 
– 1050 nm. For optimum coupling, the NA of the incoupling lens should be matched to 
that of a single mode waveguide. However, as this was not possible with the lenses 
available, the lens which resulted in maximum coupling of pump light for each 
waveguide was selected. L2 is a lens used to collimate the output for testing and it was a 
plano-convex BK7 lens with a 50 mm focal length. LP represents a 1 µm long pass filter 
used to filter out any unabsorbed pump light, an LP 2 µm filter was also used to filter 
out any 1550 nm fluorescence when the higher wavelength emission was being 
investigated. 
 
Initially the output mode profiles from the waveguides were viewed on a mid-infrared 
camera to inspect the transverse mode profiles. The camera is an SC7000 model 
manufactured and sold by FLIR which has an InSb detector and operates over a spectral 
range from 1.5 – 5.1 µm. With the 2 µm LP filter in the setup it was found that 
waveguides wider than 12.5 µm were multimode for 2.75 µm emission. Fluorescence 
was also detected at ~ 1.55 µm, this was found to be multimode in all the waveguides. 
This is not unexpected. If a step-index contrast is assumed in the waveguides the V 
number parameter can be calculated to estimate the number of allowed modes in the 
waveguide. This parameter is given by equation (6).  
 𝑉 = 2𝜋𝜆 𝑎𝑁𝐴 (6) 
 
In which a is the waveguide radius, and NA is the numerical aperture. If V is calculated 
to be < 2.405, the waveguide has only one allowed propagation mode per polarisation 
direction. For values higher than this, the waveguide can propagate multiple modes 
[147]. From equation (6) it can be seen that this value is inversely proportional to the 
wavelength, as a result for the lesser wavelength of 1550 nm, the V number will be 
greater than that for 2750 nm and so it is likely, that at this wavelength multiple modes 
are allowed to propagate.  
 








Figure 3.6. FLIR camera images of a) single mode output profile of ~2.75 µm 
emission and b) multimode output profile of ~ 1.5 µm emission from 8.7 µm 

















































These particular mode profiles were collected from an ~ 8.7 µm diameter waveguide 
which was inscribed with a pulse energy of 58 nJ at a sample translation speed of 
4mms-1. 
 
To verify what was being viewed on the camera was indeed fluorescence at the 
wavelengths expected, the emission was measured with a spectrometer. The 
spectrometer used was a Yokogawa AQ6376 optical spectrum analyser used in 1 nm 
resolution mode. Two peaks were detected in the spectrum, one at 1550 nm and a peak 
of much lesser intensity was detected at 2730 nm – this is slightly blue-shifted 
compared to the expected wavelength. This is explained due to a hole in the 
atmospheric absorption at 2730 nm, the 2750 nm radiation is absorbed by water vapour 
in atmosphere before it reaches the spectrometer and what is actually detected is a side 
band of this peak. Therefore one can logically assume that the emission at 2750 nm 
actually has greater intensity than what is actually detectable in this setup.  
 
The inscription process was repeated in the 2% and 5%Er:GLS samples using the 
identified waveguide widths for single mode propagation at the 2750 nm emission 
wavelength. The beam profiles of the emission were viewed on the camera to select the 
optimum waveguide, and the fluorescence emission was again measured. Each sample 
was pumped with the same incident power of 1 W. All measured spectral peaks are 
shown in Figure 3.7. A 1550 nm fluorescence peak could not be detected from the 
5%Er:GLS sample so there is no data displayed for this sample in Figure 3.7 a). The 
span for Figure 3.7 a) was 150 nm and for 3.7 b) is 80 nm. These spans were used for 
clarity and to avoid very long measurement times. The data in each case has been 
normalised in the intensity scale. Concentrating, firstly on the 1%Er:GLS emission 
spectra, the peak detected at 1550 nm has much greater intensity than that at 2730 nm. 
This implies that the stimulated emission is occurring to a much greater degree in the 
transition from 4I13/2→4I15/2 than 4I11/2→4I3/2. There is a clear increase in the intensity of 
the 2730 nm emission when the samples with increased dopant levels are pumped with 
the same pump power. As the inscription parameters used where unchanged for each 
sample it is assumed that the waveguide propagation losses, and also coupling losses, 
are relatively similar. Therefore, it can be sensibly assumed that the intensity increase in 
the emission spectra is a direct result of the higher Er3+ concentration. The higher 
dopant level results in increased absorption of pump light. With increased absorption, 
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more electrons are excited into the 4I11/2 level, this in turn means there are more 
electrons likely to decay into the 4I13/2 level and hence emit photons. 
 
Figure 3.7. Fluorescence spectra of a) 1550 nm and b) 2730 nm peaks detected 
from ULI waveguides inscribed in 1, 2 and 5% doped Er:GLS samples. 
 
In addition, there is an observed decrease in intensity of the detected 1550 nm signal as 
the dopant level is increased from 1 to 2%. This suggests that concentration quenching 
occurs for a higher dopant concentration which causes a reduction in the lifetime of 
level 4I13/2 and so also the radiation emitted. This is corroborated by the fact that a 1550 















































nm emission peak could not be detected from the 5%Er:GLS sample, although it is 
likely there is emission at 1550 nm, the intensity of it has decreased so much so that the 
spectrometer does not have the sensitivity level required to detect it at this low level. 
The quenching of the lifetime of an energy level can occur through upconversion 
processes which are much more likely to occur with the higher dopant concentration 
present or, due to the high doping, there is a greater probability of an electron in an 
excited state encountering a quenching centre in which the excitation is deactivated via 
a non-radiative transition [148]. In Er3+ it has been demonstrated that upconversion 
processes due to higher dopant concentrations are responsible for lifetime quenching of 
the 4I13/2 level, these processes recycle ions from this level back into the laser cycle 
[149, 150]. The lower lifetime level is advantageous in this case as it could potentially 




3.5 Er:GLS Laser Investigation 
 
3.5.1 Resonator Arrangement  
 
The 5% sample was subsequently chosen for lasing investigations. It was used in a 
compact resonator setup of which an image can be seen in Figure 3.8. 
 
Figure 3.8. Photograph image of the laser resonator built around the 
5%Er:GLS sample. L1 and L2 are aspheric plano-convex lenses. IC and OC are 
the input coupler and output coupler respectively.  
L1 
IC 5%Er:GLS sample OC L2 
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In Figure 3.8. L1 and L2 are the same lenses used for the fluorescence investigations in 
Figure 3.5, IC is the input coupler which is AR coated on the rear side thus is > 99% 
transmissive for the pump light at 980 nm and Highly Reflective (HR) coated, > 99%, 
on the front face for ~ 2750 nm. OC is the output coupler which is 95% reflective from 
2600-3100 nm. Despite the increase in 2730 nm fluorescence with the higher dopant 
value, no lasing action was demonstrated from the 5%Er:GLS sample in the laser 
cavity. Various possible reasons that lasing could not be demonstrated have been 
proposed and will now be discussed.  
 
The first reason proposed is that doping process may be initiating much higher losses in 
the bulk glass, this could be due to a higher number of defects and imperfections which 
occur during fabrication of the RE doped glass as opposed to undoped GLS. This 
would, consequently, increase the propagation losses of the waveguides themselves, the 
effect may be sufficient to inhibit lasing. The second possible reason proposed is that a 
significant amount of pump light is being wasted to upconversion. In Figure 3.8. a 
distinct bright line of green fluorescence is observed along the length of the waveguide 
while 980 nm pump light is coupled into a waveguide. This is due to upconversion 
transitions, which as previously stated; result in the emission of light with higher photon 
energies than the pump light which has caused the transition. Upconversion occurs most 
commonly through the mechanisms of ESA or through energy transfer processes 
between different ions [103, 151]. The latter usually occurs in particularly high doped 
samples but can also be caused in even low doped samples due to dopants clustering 
together [152]. In the case of Er3+, some possible configurations for upconversion 
processes to occur are shown in Figure 3.1. As shown, multiphoton absorption of pump 
photons can occur for wavelengths both ~ 800 nm and 980 nm. In the former, case 
pump photons are absorbed causing the resulting excitation of electrons into energy 
level 4I9/2 which then subsequently decay very quickly and non-radiatively via the 
emission of phonons into the 4I11/2 level. Further absorption of 800 nm pump photon re-
excites the electrons into the  4F5/2/
4F3/2 levels, these levels also have a short lifetime 
which very quickly and non-radiatively decays into level 4S3/2. Radiative decay 
subsequently takes place from this level into the ground state with the emission of 
photons at wavelengths around 550 nm; in the green visible spectral region [91, 92, 
103]. For the case of 980 nm pump as in this experiment, the system is similar, however 
in this case the absorption of two pump photons can directly excite an electron into the 
4F7/2 level which non-radiatively decays through phonons into the 
4S3/2 level as with the 
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800 nm pump case [90, 103]. For either choice of pump wavelength suitable mirrors can 
be chosen to create a resonator for the green emission wavelength. It is possible to 
develop these upconversion lasers and, in the case of erbium this can be particularly 
useful for the generation of green visible radiation. However, in many cases with this 
one included, upconversion is detrimental to lasing as pump energy is being lost to 
generating these transitions rather than the sought after lasing transition.  The third 
reason proposed, for the inability to lase, is that though the fluorescence has increased at 
2730 nm and so lifetime quenching is occurring on the 4I13/2 level, these effects have not 
been sufficient to generate the population inversion required. The fact that laser 
operation could not be demonstrated could be a result of any or a combination of the 
reasons discussed. Consequently the losses of the waveguides were tested. 
 
3.5.2 Waveguide Propagation Loss Measurements in 5%Er:GLS 
 
The well-known cutback method [153] was used to measure the propagation loss. A 
1047 nm fibre coupled Nd:YLF laser source was butt coupled into the waveguide to be 
tested – the waveguide tested was that in the 5% sample for which the emitted 
fluorescence is shown in 3.7 b). The output was collected with a large core fibre and 
recorded, the sample was then diced into two smaller pieces and the same process 
repeated with one of the small samples. In this case a 5.5 mm length of sample was 
diced from the original 2 cm long sample. Assuming the other losses in the setup are 
constant the outputs recorded for the two different waveguide lengths can be used to 
calculate the propagation loss for the length of sample that has been cut off. The loss 
value is calculated using equation (7).  
𝐿𝑜𝑠𝑠(𝑑𝐵) = 10 log10 (𝑃𝐿𝑃𝑠 )                                                        (7)            
In which PL is the power output from the original sample and PS is the power output 
from the short sample after cutback. Ideally, to most accurately measure the propagation 
loss contributing to the 2750 nm resonator total loss, a laser source close to this 
wavelength but outwith any peaks in the material absorption spectrum would be 
utilised. However, a source of this wavelength was not available at this time and as a 
result an available 1047 nm source was used as it is outside any of the absorption peaks 
of Er:GLS. The 1047 nm source was set to output 3 mW and the length of sample that 
was cut away was 5.5 mm. The coupling from the 1047 nm source to the waveguide is 
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inefficient for this butt coupling experimental setup but this is not problematic provided 
this loss is kept constant for each sample, this was ensured as much as possible using 
the index matching fluid.  
 
The power output from the original long 2 cm and short cut-back sample with 5.5 mm 
removed were measured to be 1.3 and 1.64 mW respectively. Using equation (7) the 
propagation loss for 5.5 mm of length was calculated to be -1.01 dB resulting in a 
propagation loss of -1.83 dBcm-1. This value is notably higher than that of the minimum 
losses measured in undoped GLS. Using the same inscription laser at HWU discussed in 
3.4.1, Demetriou quoted the loss in waveguides fabricated in undoped GLS to be 0.6 
dBcm-1 [131], this indicates that the process of doping does increase the overall loss of 
the glass. Relative to other ULI waveguide lasers, which have been demonstrated, this 
value is generally higher but not particularly high. Although higher than some values 
reported [142-145] it is comparable to the total propagation losses reported in other ULI 
waveguides lasers including for example 3.5 dBcm-1 reported in Cr:ZnSe by Macdonald 
et al. [34] and 2.0 dBcm-1 reported by Beecher et al. in Er:Bismuthate glass [101]. It is 
entirely possible that the maximum pump power available is not sufficient to induce a 
total gain in the system which is greater than the total losses. The processes leading to 
the evident upconversion which is occurring are in effect wasting a significant amount 
of the pump light.  
 
Investigations could be carried out attempting to initiate lasing with a much higher 
pump power source however it is thought that for this level of doping, lasing from the 
2750 nm transition would likely not occur. The reason that this was concluded will be 
fully discussed in section 3.7. 
 
In an attempt to further understand why laser operation could not be initiated it would 
be useful to explore the behaviour of the 4I13/2→4I15/2 transition. In addition, although 
not in the mid-IR and so outwith the objective of this work, Er:GLS lasing/amplifying 
on this transition with an emission wavelength of ~ 1550 nm may find applications in 
optical telecommunications as discussed in 3.1. Furthermore, it may also contribute to 
overall further understanding of the quality of the produced glasses and so assist the 
manufacturers in their ongoing investigations into improving the fabrication procedures. 
For these reasons the following experiment into this emission line from waveguides in 
Er:GLS was carried out.  
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3.5.3 Infrared Waveguide Amplifier in 1%Er:GLS 
 
Initially, attempts were made to lase at 1550 nm from the 4I13/2 energy level using each 
of the samples. The set-up employed was the same as represented in Figure 3.8. The 
same input coupler was utilised but it was quoted to be only 85% reflective at ~ 1550 
nm and a range of output couplers were tested with reflectivity at 1550 nm ranging 70 – 
95%. Again, lasing operation could not be initiated. It was expected that the 1% sample 
would have the highest gain at ~ 1550 nm as indicated by the fluorescence 
measurements and as attempts to lase failed, an amplifier setup was utilised to measure 
the small signal gain at this wavelength. To ensure maximum efficiency of pumping for 
1550 nm emission new waveguides were fabricated with narrower waveguide widths to 
ensure the propagation of a single mode at this wavelength. ULI was used to inscribe 
waveguides with widths ranging from 2.1-4.68 µm in a 1 cm long 1%Er:GLS sample. 
Pulse energies of 56-62 nJ and sample translation speeds ranging 4 mms-1 – 12 mms-1 
were used to find an optimum combination. With the input lenses available, limited 
pump light could efficiently be coupled into many of the waveguides and this was 
observed clearly on the camera. For this reason, the signal and pump sources were butt 
coupled via fibre to the sample. Index matching fluid was used to minimise the coupling 




Figure 3.9. Diagram of experimental setup used to measure internal gain of 
ULI waveguides in 1%Er:GLS. WDM (i) and (ii) are wavelength division 
multiplexers.  
 
The signal source was a 1550 nm fibre coupled tuneable laser with a maximum power 
output of 6 mW, the model name/number was Anritsu MG9638A. Before aligning the 












output beam profiles from the waveguides on the camera. Waveguides with widths > 3 
µm were found to be multimode. The gain measurements were carried out on the 2.31 
µm wide waveguide inscribed with 56 nJ of pulse energy at a translation speed of 
4mms-1. This waveguide appeared to exhibit the optimum combination of good single 
mode beam quality at 1550 nm and efficient coupling of the pump and signal light from 
the fibre end. The two wavelength division multiplexers (WDMs) labelled (i) and (ii) in 
Figure 3.9 were used for simultaneous coupling of the pump and signal light into the 
waveguide and splitting the output signal from any unabsorbed residual pump light 
respectively. The method used was to couple in the signal from the tuneable source and 
measure the output on a Spectra-physics thermal power meter with model number 407. 
First, the power output from the waveguide was measured with no applied pump power, 
the pump was then increased in regular increments whilst recording the measured power 
of the output signal on the power meter. The internal gain was then calculated using 
equation (8). 
𝐺𝑎𝑖𝑛(𝑑𝐵) = 10 log10 (𝑃𝑃𝑃𝑂)                                                        (8) 
In which PP is the peak waveguide output power observed on the power meter for a 
given pump power and PO is the peak power measured from the waveguide with no 
incident pump light. This process was repeated for signal wavelengths ranging 1516-
1580 nm as this was the maximum range of the tuneable source. The maximum pump 
power applied to the system was 500 mW. This is because the butt coupling system 
used is not an ideal setup as the sample and fibre end can be damaged very easily. To 
protect both of these and for safety from stray reflections in the event of damage, the 
power was limited to this maximum. Ideally the setup would use a lens to couple in both 
the pump and signal light, optimising the coupling efficiency as much as possible for 
both. The signal would then be measured before the waveguide with no pump applied 
and then after with the pump applied, these values would then be used to calculate the 
gain. However, as this was not possible the butt coupling setup was utilised, resulting in 
rather poor coupling of both the pump and signal at the input facet of the waveguide. 
Although this system is not an ideal one and could largely be improved with the 
availability of the most suitable incoupling lens, we concluded it would still be valid to 
give an indication of the behaviour of this transition which would be sufficient to aid 
our understanding of why attempts to demonstrate lasing on the 2.75 µm emission 
spectral line had not been successful. 
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Using this setup the maximum gain achieved was 5.4 dBcm-1 at a wavelength of 1538 
nm. PO and PP were measured as 1.02 µW and 3.53 µW respectively.  The optical 
conversion efficiency for this gain was extremely low. A maximum pump power of  500 
mW was applied resulting in this gain, and so the optical efficiency is < 1%. However, 
this very low value is largely explained due to the extremely poor coupling efficiency. 
To quantify how poor this is, the output from fibre 1 was measured to be 4.5 mW, then 
this light was coupled directly to fibre 2 by simply bringing the fibre ends together, 
applying index matching fluid and maximising the signal on the power meter. This was 
measured to be 2.63 mW. PO was recorded to be only 1.02 µW. The implication from 
these measurements was that the coupling losses are particularly high - this largely 
explains the very small conversion efficiency. It should be noted here that a check was 
carried out to ensure that the high signal loss was not due to absorption of the signal. 
The 1%Er:GLS used in the fluorescence measurements in sub-section 3.4.3 was inserted 
into the setup. The signal was coupled into the 8.7 µm diameter waveguide and an 
output signal of 2.43 mW was recorded – this proves that the sample is not highly 
absorbing the ~ 1550 nm signal. This confirmed that the high losses observed in the 
1%Er:GLS sample with the 1550 nm single mode waveguides are primarily due to very 
inefficient coupling into the much smaller waveguides.  
 
It was also discovered that ~ 37% of the incident pump power was measured at the 
output of fibre 2 indicated by the beam dump in Figure 3.9. This also, in part, accounts 
for the low conversion efficiency as over a third of the pump light is simply not being 
absorbed by this length of sample. Furthermore, as previously discussed, a portion of 
the pump light which is absorbed is wasted in that it is being used in upconversion 
processes resulting in the emission of visible green light.  
 
Despite the problems identified with the experimental setup that has been used to 
measure the internal gain, it does give a clear indication that there is gain and therefore 
a population inversion occurring on the 4I13/2→
4I15/2 transition. The value of gain 
measured, 5.4 dBcm-1, is greater than that measured in the same doped glass by Franz et 
al [112]. The authors realised a net gain of 2.8 dBcm-1 in waveguides fabricated through 
sputtering. As a result of the relatively high gain observed on this transition, it is evident 
that a population inversion is not occurring on the 2.75 µm transition therefore 
inhibiting lasing operation. We note here that in spite of the population inversion 
induced, as stated previously, lasing operation was not observed for this transition 
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either. However, the pump mirror available was custom coated for operation at 2750 nm 
and although quoted at approximately 85% reflective at ~ 1550 nm, this is not optimum 
for lasing at this wavelength. Investigations with a suitable pump mirror would be 
required before drawing conclusions about the reasons lasing was not observed in this 
case – at this time such a mirror was not available.  
 
Although the fluorescence measurements presented in 3.5.3 indicate that the higher 
doped sample, 5%, has an increased population in level 4I11/2 it is unlikely that it is 
sufficient to generate a population inversion between 4I11/2→
4I13/2, this was concluded 
from an extensive review of the literature concerned with lasing from this spectral 
emission line in Erbium which is covered in the next section. 
 
 
3.6 Lasing from the 2.9 µm Transition in Erbium 
 
Continuous wave lasing from the 2.9 µm line in Erbium doped materials for example 
Er3+:YAG, has been found to be only possible with very high pump powers as well as 
high dopant concentrations, ~ 50% [45, 88]. This is due to large lifetime quenching of 
the 4I13/2
 level. Large quenching occurs because of the high dopant which recycles 
population through upconversion, this is only guaranteed to happen continuously and 
maintain the population inversion with significantly higher dopant levels than was used 
in these experiments.  Another solution which may lead to laser operation is to use 
pulsed pumping. This method ensures that the laser medium is pumped quickly enough 
to build the population inversion before the electrons decay and emit photons, and as a 
result the laser output is also pulsed [154]. Another potential modification that could be 
made in attempts to lase is to co-dope the glass with Yb. This is a commonly used 
method to increase the efficiency of absorption of the pump light [102, 145, 155-159] 
and may be useful for lasing from the 2750 nm or the 1550 nm transition in Er:GLS. 
The absorption of pump light is increased because Yb has much stronger absorption 
peak around 980 nm than Er3+. The Yb ions therefore can absorb much more of the 
pump light and they release this energy to the Er3+ ions by energy transfer [156]. 
Another co-dopant which has been used successfully with Er3+ to quench the 4I13/2 level 




An extensive study of the literature concerning lasing from this transition in the Er ion 
particularly in YAG, revealed that a great deal of investment of funding, time and 
resources has been made to make this possible. Therefore we reached the conclusion 
that using the current samples, lasing from this transition in this relatively new glass 
material would likely not be possible. Consequently discussions were held with our 
collaborators at the ORC to discuss the manufacture of glasses with much higher 
concentrations of Erbium. Currently, when concentrations of even as low as 15% are 
attempted, the optical quality of the glass is substantially reduced and work is ongoing 
at the ORC to manufacture highly doped glasses while retaining the quality levels. The 
manufacture of co-doped Er:Yb:GLS is also being explored.  
 
 
3.7 Summary  
 
ULI has been used to fabricate Type I waveguides in samples of Er:GLS with differing 
dopant concentrations; 1, 2 and 5%. The results from previous works carried out 
concerning ULI in GLS were utilised to fabricate single transverse mode waveguides 
for the propagation of ~ 2.75 µm light. The cross sections of the waveguides were 
controlled by exploiting the multiscan technique described in section 2.5. The inscribed 
waveguides were then pumped with a 1 W 980 nm fibre coupled diode laser, a variety 
of plano-convex aspheric lenses AR coated for the pump wavelength were investigated 
to optimise the coupling of the pump light into the waveguides. The output modes from 
the pumped waveguides were viewed on a camera after transmission through a 2 µm 
long pass filter to identify the optimum single mode waveguides in each sample. The 
fluorescence of the output modes was measured with a spectrometer. It was found that 
there was an emission peak from each sample at ~ 2.73 µm, the intensity of the 
fluorescence was found to increase with increasing dopant concentration. A peak at ~ 
1.55 µm was detected from the 1 and 2% samples with decreasing intensity 
respectively. The detected peaks at 2.73 µm are slightly blue shifted from the expected 
emission from this material which is 2.75 µm. This shift is explained due to water 
absorption in the atmosphere in this spectral region, there is hole in the absorption band 
at ~ 2.73 µm hence what is detected is the side band of the emission. The intensity 
increase of this peak is due to the higher Er3+ concentration in the sample, leading to 
greater pump absorption and subsequently more emission at this wavelength.  The 
observed decrease in the 1.55 µm emission peak from the 1 to 2% samples indicates 
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concentration quenching is occurring, decreasing the upper lifetime of this transition. 
Emission at this wavelength is not detectable from the highest doped sample, 5%, 
providing further evidence of this concentration quenching.  
Attempts were made to lase through the waveguide in the 5% sample but this was not 
achieved. As a result the cutback technique was used to measure the propagation loss of 
these waveguides. It was found to be ~ 1.83 dBcm-1, which is not particularly high 
compared to other ULI waveguides which have successfully demonstrated lasing. The 
required population inversion to lase from the ~ 2.75 µm line in Er:GLS may be 
difficult to achieve due to the short lifetime of the upper lasing level with respect to the 
lower lasing level. Consequently, attempts were also made to lase at 1.55 µm using the 
1% sample, this also proved not possible with the current setup. However, it was 
possible to successfully demonstrate a waveguide amplifier exhibiting a maximum gain 
of 5.4 dBcm-1 at 1538 nm. The fact that gain was observed suggests the mirrors utilised 
for the lasing attempts may not be suitable. 
 
Multiple reasons for the inability to lase at 2.75 µm were explored. These include; a 
significant portion of pump light being wasted to upconversion and, although 
concentration quenching is occurring for the 5% sample, it is not sufficient to generate a 
population inversion. An extensive literature review of lasing from this emission line in 
Erbium has been carried out, from this it has been concluded that with the current 
samples and available pump source, lasing will not be possible. Solutions to 
successfully initiate lasing have been proposed, these include; pulsed pumping, higher 
Erbium concentrations whilst sustaining the high quality of the glass and the possibility 
of co-doping to induce much higher pump absorption.  
 
These investigations and subsequent discussion have shown Er:GLS to be a promising 
candidate in the future as a material for laser emission in the mid-IR,  as a result this 










Chapter 4. Theory of Pulsed Laser Operation  
 
4.1 Introduction  
 
This chapter details the background theory of pulsed lasers and also the techniques 
required to characterise the pulses. There are various methods which can be employed 
to generate pulsed laser sources, the choice is generally dependent on the required 
output pulse characteristics including for example; the PRF, the output power 
capabilities and the maximum pulse energy availability. Another important parameter to 
consider is the pulse duration required for a specific application; the pulse generation 
technique utilised directly effects the values it can take. The term “Q-switching” refers 
to techniques which result in high energy laser pulses emitted on a micro to nanosecond 
time scale through manipulation of the cavity quality factor, Q. Q is defined as the ratio 
of the energy stored in the resonator divided by the losses per oscillation. The process of 
Q-switching is demonstrated in Figure 4.1. Initially the active gain medium acquires 
energy through optical pumping while the Q factor is kept low to prevent the laser 
reaching threshold. Consequently, a large population inversion builds up due to energy 
storage in the gain medium. The Q factor is then abruptly switched to allow laser action 
and the high amount of energy accumulated is released in the form of an energetic 
pulse. The process is repeated periodically resulting in the emission of a stable train of 






Figure 4.1. Evolution of a pulse generated in a Q-switched laser. The plots from 
top to bottom are; the flashlamp pump output, the resonator losses, population 
inversion and emitted photon flux. All are plotted as a function of time. 
Diagram has been reproduced from [161]. 
 
In the specific case of doped solid-state lasers, to ensure high energy pulses are 
produced, the gain medium implemented is required to have a long upper state lifetime 
and sufficient dopant ion concentration. This is so that it can efficiently store energy 
from the incident pump. However, if the pump-to-signal gain efficiency of the medium 
is too high, it can be challenging to induce the low Q factor needed initially to prevent 
lasing. In addition, a gain which is too high results in high levels of amplified 
spontaneous emission and so inhibits the energy storage capability. The Q-switching 
ability of a laser is therefore dependent on   the specific gain medium properties [162]. 
Q-switched lasers find use in many applications particularly when high pulse energy is 
preferred; such as tattoo removal [163], range finding [164] and micro-machining 
applications [165]. However, many applications require much shorter pulse durations on 




The term “modelocking” encompasses a number of techniques that result in the 
emission of ultrafast pulses with durations ranging from ps to fs. In the general case of a 
single transverse mode free running CW laser, there are multiple discrete frequency 
components called longitudinal modes oscillating in the cavity with a random phase 
relationship. The longitudinal modes which are permitted to oscillate depend in part on 
the cavity length and the difference in frequency between two adjacent longitudinal 
modes is given in equation (9).   
 ∆𝑣 =  𝑐2𝑛𝐿 (9) 
                             
In equation (9) c is the speed of light, n is the refractive index of the medium the modes 
oscillate in and L is the cavity length. It can be seen from equation (9) that a cavity can 
have potentially thousands of longitudinal modes depending on the cavity length, but 
whether a particular mode is allowed to lase or not also depends also on the gain 





Figure 4.2. Diagram showing the longitudinal modes allowed to oscillate in a 
CW laser. As can be seen, the gain bandwidth can be greater than the spacing 
of the modes and so those closer to the edges of the gain bandwidth are 
supressed by resonator losses. Diagram has been reproduced from [166]. 
 
 The permitted modes resonate independently constantly interfering with each other. 
Any fluctuations in the emitted laser signal as a result of this random interference are 
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averaged over time and so the signal appears as a continuous stable output. The term 
modelocking originates from the fact that these techniques force the longitudinal modes 
in the cavity to oscillate in phase, hence the modes are said to be “locked in phase” 
together. By forcing this fixed phase relationship, at a certain point in time, the modes 
will all constructively interfere generating an intense pulse [167]. This constructive 
interference occurs periodically, at all other times the interference is destructive 
resulting in a stable train of pulses which is demonstrated in Figure 4.3. 
 
Figure 4.3. Diagram demonstrating interference of the longitudinal modes in a 
modelocked laser. The top part (a), shows the oscillation of separate modes in a 
cavity. These modes constructively interfere periodically resulting in a train of 
intense laser pulses as seen in the bottom graph (b). Diagram has been 
reproduced from [168]. 
 
 
When a laser is successfully modelocked the resulting steady state emission in the 
temporal and frequency domains are shown in Figure 4.4 a) and b) respectively.  
 
 






Figure 4.4. Schematic of modelocked laser emission in the a) time and b) 
frequency domains where I is the intensity and φ is the phases. Diagram has 
been reproduced from [169].  
 
In Figure 4.4 a) we can see a steady output train of pulses which are equally spaced in 
time by the cavity round trip time  Τ𝑅 =  2𝑛𝐿𝑐 , this is also demonstrated in Figure 4.3 for 
the case of n = 1. The PRF is hence the reciprocal of this roundtrip time [167]. In the 
frequency space presented in Figure 4.4 b) the emission appears as a frequency comb of 
equally spaced modes which are phase locked. The purpose of this chapter is to provide 
an overview of both modelocked operation and modelocking techniques. A 
comprehensive mathematical description of the development and evolution of 





The techniques by which a laser can be modelocked are split into two categories: active 
and passive. Both are based on the same premise of introducing a variable loss 




Figure 4.5. Simplified laser resonator design showing the components required 
for modelocked emission. Diagram has been reproduced from [169]. 
 
 
4.2 Active Modelocking  
 
In the case of active modelocking, an external driving signal is applied to either 
modulate the intracavity losses directly - amplitude modulation (AM), or modulate the 
intracavity phase – frequency modulation (FM). The external signal is usually provided 
by an Acousto-optic (AOM) or electro-optic (EOM) modulator. The applied signal 
modulates the loss of the cavity in a sinusoidal fashion. The cavity is designed such that 
the saturated gain exceeds the loss at the minima of the applied signal. This is shown in 







Figure 4.6. A graph demonstrating how the loss is modulated in an active 
modelocked laser. The signal has modulation frequency equal to the round trip 
time of the cavity TR.  Diagram has been reproduced from [169]. 
 
This Figure also shows how the signal is chosen to have a modulation frequency equal 
to the cavity mode spacing of the resonator causing energy from each mode to be 
coupled coherently to the adjacent modes, this results in the required fixed phase 
relationship for modelocking. Active modelocked cavities tend have minimum lengths 
limited to around ~ 1 m, therefore restricting the maximum attainable PRFs to ~ 150 
MHz. This is because of the typical sizes of the modulators incorporated in the cavity. 
The minimum pulse durations obtainable in active modelocking are also limited, the 
electronic nature of the driving signal means that they tend to be confined within the ps 
range [169, 171]. 
 
 
4.3 Passive Modelocking  
 
Passive modelocking techniques do not apply an external modulation; instead the laser 
contains a component called a saturable absorber (SA) which introduces a nonlinear loss 
mechanism into the cavity. For the case of high intensity incident radiation, the 
absorption of the SA material becomes saturated, hence it exhibits low loss and the light 
is permitted to propagate. For low intensities the loss introduced is significantly higher 
because in theory the SA can absorb all the incident radiation, thus it cannot propagate. 
In practice however, SAs do have a nonsaturable loss value which for commercially 
available SESAMs from, for example, BATOP GmbH; can anywhere range between 
<1% − ~ 25%. The result of this is a self-modulating amplitude in which the peak of a 
high intensity pulse is permitted and experiences gain but the lower intensity pulse 
wings are supressed.  The process is ideally self-starting due to random noise 
fluctuations in the cavity which can be sufficient to saturate the absorption of the SA. In 
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some cases it is not self-starting but a noise spike can be initiated by simply tapping one 
of the cavity end mirrors.  The induced noise spike grows in intensity with each round 
trip, whilst simultaneously the circulation of any lower intensity pulses occurring due to 
interference is inhibited as they experience high loss, upon reaching steady state the 
laser emits a high intensity pulse train [167, 169, 171]. Passive modelocking techniques 
can modulate the intracavity losses much faster than any applied external signal because 
the nonlinear response is much faster than any signal electronics can produce; 
consequently they are able to generate shorter pulses than active methods [169, 171] 
This is demonstrated in Figure 4.7, it is evident that the SA loss recovers much faster 




Figure 4.7. Graph which demonstrates the loss modulation in a passively 
modelocked laser. Periodically the absorption/loss of the SA is saturated by a 
high intensity pulse, which is therefore allowed to circulate experiencing high 
gain. Diagram has been reproduced from [169]. 
 
4.3.1 Characterisation of Saturable Absorbers  
 
SA’s for passive modelocking are characterised by a number of parameters. Three of the 
most important are the modulation depth, the saturation fluence and the recovery time. 
The modulation depth is the maximum change in the SA nonlinear loss and saturation 
fluence defined as the incident pulse fluence which reduces the loss by 1/e of the total 
modulation depth. The recovery time is a measure of how long it takes for the 
loss/absorption to recover after saturation by a high intensity incident pulse [172]. “Fast 
absorbers” have a recovery time much smaller than the pulse duration itself, whereas 




For a fast SA, when the absorption becomes saturated, this introduces a window where 
the gain exceeds the loss and a pulse can be sustained, this is demonstrated in Figure 4.8 
a). As the recovery time is less than the pulse duration, the SA attenuates both the 
leading and the trailing wings of the pulse. For a slow SA, saturation of both; the SA 
absorption and the gain of the active medium are required. In this case the intense pulse 
signal in the cavity saturates the lasers population difference which acts to temporarily 
reduce the small signal gain. During the time taken for the SA loss to recover there 
exists a small time window in which the gain is greater than the loss and a pulse is 
supported, this is shown in Figure 4.8 b) [171, 173]. A slow SA can only continuously 
supress the leading edge of the pulse, so fast SAs should theoretically generate the 
shortest pulse durations. However, slow SAs have been shown to support pulses with 
durations much shorter than the recovery time [174, 175]. Such short pulses are possible 
if soliton modelocking is implemented through careful balancing of the self-phase 
modulation (SPM) and group delay dispersion effects in the cavity [173, 176]. In this 
scenario the resultant pulse duration is dominated by the balancing of these effects 




Figure 4.8. The gain and loss dynamics which support pulse propagation in 
lasers modelocked by a) a fast SA, b) a slow SA and c) slow SA with soliton 
formation. Diagram has been reproduced from [173]. 
 
Even though the theory of modelocked pulse generation is very well understood, the 
practical implementation can be somewhat challenging. When a laser generates ultrafast 
pulse of equal intensity as shown in Figure 4.4 a), it is said to be purely CW 
modelocked.  However, a common issue encountered in modelocking is that the laser 
produces pulses with varying intensities, thus it is not CW modelocked. This is 
generally an undesirable effect and detrimental to the laser performance. It is important 
to understand how these intensity instabilities originate so they can be mitigated if 
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necessary. The next section will describe this as well as discussing the particular cases 
where the instabilities can be useful to generate high energy ultrafast pulses.  
 
4.3.2 Q-switching Instabilities 
 
The first lasers showing evidence of modelocking were reported in the mid-1960s [177-
179]. However, in these demonstrations the output pulses did not exhibit constant pulse 
energy. Instead the modelocked pulses were emitted with intensities modulated by an 
overlying Q-switched envelope. This mode of operation is therefore named Q-switched 
modelocking (QML) and it is demonstrated in comparison to CW modelocking in 
Figure 4.9.  
 
 
Figure 4.9. Graph showing the laser power vs time for a laser operating in the 
Q-switched modelocked regime on the right compared to the CW modelocked 
regime on the left. The blue and black lines represent the instantaneous and 
average laser power respectively. Diagram has been reproduced from [180]. 
 
For the majority of applications constant pulse energy is essential so efforts are made to 
supress any Q-switching instabilities. However, in the QML regime there is potential 
for a vast amount energy to be stored within in the Q-switch envelope, as a result the 
output has much higher peak pulse energy capabilities than that of purely CW 
modelocked lasers. Thus the advantage of QML lies in its use as a source for 
subsequent amplification. The delay between groups of pulses emitted during QML 
allows for appreciable energy storage in an amplifier, leading to very high power pulse 
generation. Conversely, pure CW modelocking often requires “pulse pickers” to isolate 
single pulses or groups of pulses in order to realise appreciable gain in later amplifier 




The first modelocked lasers exhibited QML behaviour as the available SAs at this time 
did not possess the optimum parameters required to escape this regime so as to emit 
pure CW modelocked pulses. With the subsequent rapid development of semiconductor 
technology the accessible SA parameters improved resulting in the first purely CW 
modelocked stable pulses from a solid-state laser [174]. The technology has continued 
to advance resulting in countless demonstrations of CW modelocked lasers with 
semiconductor based SAs [169, 175]. 
 
Whether or not a specific laser will experience QML instabilities depends on a number 
of both laser and SA properties. This can be expressed in the form of a stability criterion 
which gives an estimation of the intracavity pulse energy required to escape the QML 
instabilities, this criterion is given in equation (10). The criterion and following 
explanation have been reproduced from [180].  
 𝐸𝑃,𝑐 =  (𝐸𝑠𝑎𝑡,𝐿𝐸𝑠𝑎𝑡,𝐴∆𝑅)1/2                                             (10)            
 
In equation (10) the critical pulse energy EP,c is defined as the minimum intracavity 
pulse energy required to establish stable CW modelocking, therefore for pulse energies 
below this value, the laser will exhibit this QML instabilities. Esat,L is the saturation 
energy of the laser gain material and is given by equation (11). 
 𝐸𝑠𝑎𝑡,𝐿 =  𝐹𝑠𝑎𝑡,𝐿𝑎𝐿  (11) 
 
where aL is the effective laser mode area inside the gain medium and Fsat,L is the 
saturation fluence of the laser gain material. It is calculated using equation (12): 
 𝐹𝑠𝑎𝑡,𝐿 =  𝐸𝑝ℎ𝑁(𝜎𝑒 + 𝜎𝑎) (12) 
 
where Eph is the photon energy,  σe and σa are the emission and absorption cross sections 
respectively at the signal wavelength. N is the number of time a photon passes through 




Esat,A in equation (10) is the saturation energy of the SA in question, it is calculated 
using equation (13).  
 𝐸𝑠𝑎𝑡,𝐴 =  𝐹𝑠𝑎𝑡,𝐴𝑎𝐴  (13) 
where Fsat, A is the saturation fluence of the SA, this is fixed design parameter which is 
usually quoted on fabrication and aA is the effective laser mode area incident on the SA. 
This parameter can be controlled by means of focusing optics in the cavity. Finally, ΔR 
in equation (10) is the maximum modulation depth of the SA. The intracavity pulse 
energy, EP, of the laser is calculated using equation (14). 
 𝐸𝑃 =  𝑃𝐴𝑣𝑔𝑓𝑟𝑒𝑝𝑇𝑂𝐶  (14) 
 
in which PAvg is the laser average output power, frep is the PRF and TOC is the 
transmission of the OC. Ep can be directly compared with the critical pulse energy EP,c 
to identify if the laser has sufficient intracavity energy to avoid Q-switching 
instabilities. 
 
The stability limit estimation presented here originates from the theory of ps lasers 
presented by Kaertner et al. [182], however a series of assumptions are made in order to 
arrive at the simplified version shown in equation (10). These include the following; it 
is assumed that the full modulation depth is exploited when the laser is operating in the 
purely CW modelocked regime, this means that the SA is bleached and for this to occur 
it is estimated that the pulse fluence incident on the SA must be 5 × the SA saturation 
fluence. It is also assumed that the reflectivity of the SA for high incident pulse fluence 
is 100%, in other words the nonsaturable losses are zero/negligible. A further 
assumption made is that the stability limit is independent of the gain materials upper 
state lifetime, which is generally valid because most modelocked lasers operate well 
above the laser threshold. The full derivation of this estimated stability criterion can be 
found in [180]. It is important to note that these assumptions mean that a laser which 
satisfies this simplified condition in equation (10) will always satisfy the stricter 
stability criterion without these approximations. It is therefore very useful to apply 
equation (10) to a laser emitting in the QML regime as it gives a clear indication of the 
modifications needed to change to CW modelocked operation if this is preferred. It 
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should also be noted that for simplicity this criterion ignores gain filtering and nonlinear 
effects which can have consequences for the pulse bandwidth. These are important to 
consider for soliton-like pulses with femtosecond durations and the extensions required 
to account for these can be found in [180]. 
 
The suppression of QML instabilities can be very challenging for modelocked lasers 
with GHz PRFs because of their relatively low pulse energies compared to those 
achievable with longer cavities. The properties of an SA are therefore very limited for 
the emission of CW modelocked, high PRF pulses. 
 
4.3.3 Types of Saturable Absorbers 
 
An SA can take the form of a physical component which introduces the nonlinear loss 
mechanism, or it can already exist within the cavity but is only activated when sufficient 
intensity is reached.   
 
Semiconductor saturable absorber mirrors (SESAMs) are one of the most commonly 
used physical SAs. SESAM devices are based on semiconductor material technology. 
The physical structure of a typical SESAM device is shown in Figure 4.10. 
 
 
Figure 4.10. Typical physical structure of a Semiconductor saturable absorber 
mirror. The quantum well absorber layer is grown on top of a distributed Bragg 
reflector. Diagram has been reproduced from [183]. 
 
The absorber layer is constructed of a quantum well layer. In this layer the saturable 
absorption takes place due to transitions between the heavily populated valence band 





number of quantum wells in this layer [184], a high modulation depth generally 
generates shorter pulses but it can also increase the chance of QML instabilities [185], 
as can be seen by equation (10). However, SESAMs also tend to have low saturation 
fluence values which reduces the chances of these instabilities, as can be seen in 
equations (10) and (11).  The layers behind the absorber construct a Distributed Bragg 
reflector (DBR) which can be seen in Figure 4.10. This is effectively a highly reflective 
mirror, the layer materials are chosen to have bandgaps higher than that of the quantum 
well to ensure no absorption occurs in them. The very thin layers involved in SESAM 
fabrication are grown directly on the substrate, often a GaAs wafer, to provide a robust 
supportive platform for the SA [172, 175]. Due to the advancement of semiconductor 
technology, the fabrication techniques of SESAMs have advanced to produce high 
quality devices with few defects that allow flexibility in the SESAM design properties 
and self-starting modelocking. SESAMs have had great success in the near IR spectral 
range [186] supporting the generation of sub-100 fs pulses [187, 188]. However, their 
use at longer wavelengths into the mid-IR has been limited, as broader operational 
bandwidths than most current SESAM materials can offer are required to produce such 
short pulse durations. Despite showing some success [189-191], research is ongoing to 
optimise SESAM technology for this spectral range.  
 
Graphene based SA mirrors (GSAMs) have recently emerged as useful alternatives to 
SESAMs due to their intrinsic broadband operation. Graphene, which is a 2D sheet of 
sp2-hybridised carbon atoms bound in a hexagonal honeycomb lattice, has been the 
subject of a vast amount of research for countless applications due to its remarkable 
optical, electronic and mechanical properties. It can also be arranged in the form of 
zero-dimensional fullerenes, 1-D Carbon Nanotubes or stacked in the form of 3-D 
Graphite. 1-D nanotubes have been utilised extensively as SAs with great success [192, 
193].  Although postulated for many decades previous, the 2D layer form of graphene 
was only demonstrated for the first time in 2004 by Geim and Novoselov [194]. So 
important would this discovery prove, it won them the Nobel prize in 2006. 
 
Two different research groups first demonstrated that graphene could be used as an SA 
almost simultaneously in 2009: Hasan, et al. [192] and Bao et al. [195]. These groups 
both reported modelocked fibre lasers with emission centred at ~ 1.56 µm and pulse 
widths of ~ 800 fs. Over the last decade since then GSAMs have attracted a great deal 
of attention in the development of ultrafast pulsed laser sources. This is because they 
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can have very broad operational bandwidths compared with other types of SAs. This is 
motivated by the unique band structure of graphene which in effect demonstrates a band 
gap of zero [195]. This zero band gap structure and the saturable absorption processes 
involved for a single layer of graphene are demonstrated in Figure 4.11. 
 
Figure 4.11. Saturable absorption process in graphene. In a) an electron is 
excited from the conduction band to the valence band by an incident photon. 
The absorbed electron loses energy by intraband decay into lower energy 
levels, a similar process occurs for holes in the valence band, this is depicted in 
b). It allows room for other electrons to be excited to where the first electron 
initially existed in the conduction band and the process repeats. The lower 
energy states become filled in both bands in the form of a Fermi-Dirac 
distribution. In c) high intensity incident light has caused the energy levels to 
become filled, hence no more electrons are allowed to be absorbed and the 
absorption has become saturated.  
 
In graphene, at particular points, the conduction band meets the valence band in terms 
of energy. This meeting of these energy bands actually occurs at the 6 points of the 
hexagonal lattice in reciprocal space and these points are called Dirac points. Thus at 
these meeting points the bandgap is effectively zero. An example of such a point and the 
absorption processes involved for a single layer of Graphene are demonstrated in Figure 
4.11. One consequence of the zero bandgap is that the material has broadband 
absorption as a photon of any wavelength can be absorbed from the valence (red) to the 
conduction (blue) band. How the absorption becomes saturated is shown sequentially in 
a) to c). High intensity incident photons excite electrons into the conduction band as 
shown in a), very quickly after excitation - on the scale of 100 fs, the thermally excited 
electrons lose energy by cooling. The electrons initially collide with other carriers then 
with the lattice, and as a result decaying to lower energy levels. Intraband decay also 








a) b) c) 
72 
 
Dirac distribution, shown in b). In the normal case of low intensity incident light, after 
some time electron – hole recombination would occur restoring the equilibrium and 
allowing continuous absorption. However, in the case of high intensity incident light, 
energy states of both the bands become filled therefore not permitting any more 
electrons being allowed to exist in the absorbed state, this can be seen in c). This effect 
is called Pauli-blocking, it allows the peak of the high intensity light to be transmitted 
[195].  In the visible to IR spectral range, a single layer of graphene has been measured 
to absorb ~ 2.3% of incident light, this absorption is proportional to the number of 
layers in the limit of few layers, < 10 [192]. This value is higher in comparison to for 
example a 10 nm GaAs quantum well, common in the SESAM structure, which is 
around 1%, giving graphene its characteristically low saturation fluence [192, 195, 196]. 
Graphene is also generally characterised by two recovery times, one faster of the order 
of 100 fs which is associated with intraband carrier scattering processes and a slower 
one of the order of a few ps dependant on the number of layers. This is associated with 
the interband carrier relaxation through the release of phonons [197].   
 
In summary, graphene exhibits many ideal characteristics for use as an SA in the 
development of ultrafast laser sources. These include, ultrafast recovery times, low 
saturation fluence and conceivably, most significant compared to other SAs such as 
SESAMs; intrinsic broadband operation. A single layer/multiple layers of graphene can 
be coated with some ease onto a standard reflective OC resulting in a graphene coated 
saturable output coupler (GSOC). Therefore, graphene has emerged as a useful 
alternative to SESAMs which have complex fabrication procedures and are often 
bandwidth limited [193]. Furthermore, the use of a partly tranmissive GSCO as an SA 
in a waveguide laser, allows for extremely compact cavity design which is a 
fundamental requirement for high PRFs. Consequently, graphene has been utilised as an 
SA in the modelocking investigation of a ULI Holmium doped YAG waveguide laser 
presented in chapter 5 of this thesis. 
 
So far only physical SA components have been discussed, however, arguably the most 
effective technique for generating the shortest fs pulses is Kerr-lens modelocking 
(KLM) which exploits a virtual SA present in a laser cavity. Its discovery came in the 
early 1990s after some confusion over results presented by Spence et al. [198], in which 
a Titanium doped Al2O3 (most commonly referred to as Ti:sapphire) laser was seen to 
produce ultrafast pulses apparently without the addition of an SA. It was soon explained 
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that the modelocking was actually the result of a strong self-focusing effect which 
occurs due to the nonlinearity of the Ti:sapphire gain medium [199, 200]. This effect is 
now known as KLM and it has led to the generation of extremely short sub-10 fs pulses 
[53, 54, 201, 202]. 
 
KLM is given this name because the Optical Kerr effect is exploited. This is a third 
order nonlinear process which occurs because the refractive index, n, exhibited by a 
material is dependent on the intensity, I, of incident radiation. This refractive index can 
be expressed as a Taylor expansion, the first term is thus proportional to I as shown in 
equation (15) [203]. 
 𝑛 =  𝑛0 + 𝑛2𝐼                                                          (15) 
 
where n0 is the materials linear refractive index for weak intensity incident radiation and 
n2 is the second order refractive index, this has a value dependent on the material, for 
example Sapphire has n2 = 3 × 10
-20 m2W-1 [204]. Hence, the change in refractive index 
induced by incident radiation of high intensity, I, is given in equation (16): 
 ∆𝑛 =  𝑛2𝐼                                                        (16) 
 
Assuming an incident radiation beam with a Gaussian intensity profile, the change in 
refractive index induced will therefore be greater in the centre and decrease in 
magnitude towards the outer wings of the beam. As a result, the centre of the beam  
propagates with a reduced phase velocity compared to the wings creating an intensity 
dependent lensing effect. A significantly strong noise spike in a laser cavity can induce 
this self-focusing effect in the laser gain medium, this can be exploited for modelocking 
by designing the cavity in such a way that the noise spike sees less loss than the 
oscillating CW mode. The spike can therefore experience gain and grow with each 
round trip, ultimately reaching a steady state of modelocked pulse emission [205, 206]. 
The cavity can be designed to favour the pulsed operation by addition of a hard or soft 
aperture. In the former case, a physical aperture is placed in the cavity which is tailored 
to inhibit the larger mode area CW light from resonating, whilst simultaneously 
allowing the pulses to propagate. This situation is demonstrated in Figure 4.12 a). The 
more commonly used method of soft aperture KLM modelocking is shown in Figure 
4.12 b). In this method the size of the pump beam is carefully controlled to ensure that 
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only the pulsed mode can experience high gain, as a result the larger mode area CW 
light dies out [207]. 
 
Figure 4.12. Schematic of laser cavity designs to initiate a) hard aperture and 
b) soft aperture Kerr-lens modelocking. Diagram has been reproduced from 
[207]. 
 
The major advantages of a Kerr-lens virtual SA are its very short recovery time and 
inherent broad operational bandwidth, which is wider than any physical SA due to its 
non-resonant nature. A further advantage of KLM is that SPM is generated in the gain 
medium, this occurs as a result of a temporal phase shift induced by the optical Kerr 
effect and can lead to spectral broadening of the pulses. These benefits of KLM 
alongside effective dispersion compensation described in section 4.4 has allowed for the 
demonstration of extremely short pulses [205]. This has been exploited particularly well 
in Ti:sapphire lasers which have achieved 2 optical cycle pulses with pulse durations ~ 
5-6 fs and up to 300 mW of output power [201, 202].  
 
However, there are some drawbacks; identification of the ideal cavity alignment for 
stable modelocking is not straigthforward. The position of the intracavity mirrors at 
which KLM can be experimentally achieved lie in close proximity to the edge of the 
lasers CW stability regions as the aim is to supress the CW operation. A detailed review 
of the identification of these regions can be found in [203]. Very compact and stable 
translation stages are required to successfully align to these specific positions. In 
addition, the process is not self-starting, but a sharp tap applied to one of the cavity 
high intensity 
pulsed mode 











mirrors can be enough to induce a sufficiently intense noise spike which will initiate the 
Kerr effect [169]. Self-starting has also been achieved by using a SESAM in 
conjunction with KLM [201], or an AOM with KLM as in some commercial 
Ti:sapphire lasers currently manufactured  by Spectra-Physics®.  
 
In spite of the drawbacks discussed, KLM has proven to be the most effective 
modelocking technique for generating the shortest pulses, this has been particularly 
successful in Ti:sapphire lasers generating pulses in the near-IR spectral range. With 
regards to the mid-IR KLM has also had great success in generating ultrafast pulses 
from TM:II-VI materials [208-214]. As with Ti:sapphire, this is owed to the 
nonlinearity of host materials such as ZnSe and ZnS. This will discussed in greater 
detail in chapter 6 where results of a new type of KLM Cr:ZnSe laser is presented.  
 
 
4.4 Material Dispersion and Compensation Methods 
  
4.4.1 Effect of Dispersion on Modelocked Lasers 
 
All dielectric media are inherently chromatically dispersive, this means they have a 
wavelength dependent refractive index n(λ), therefore the phase velocity of light 
propagating in such a material is dependent on its wavelength. In terms of a propagating 
optical pulse, it travels with group velocity which is a function of the wavelength 
dependent group refractive index. This group velocity dispersion (GVD) effect leads to 
deformity of the temporal shape of the pulse caused by cavity components such as 
lenses, mirrors, filters and the active gain media itself [215]. The GVD of an optical 
element is related to the second derivative of n(λ), this is typically expressed as the 
Sellmeier dispersion formula, the most general form of this is given in equation (17): 
 𝑛2(𝜆) = 1 + ∑ 𝐵𝑖𝜆2𝜆2 − 𝐶𝑖𝑖  (17) 
 
where Bi and Ci  are the experimentally determined Sellmeier coefficients of different 
optical materials [216]. The GVD can then be evaluated at the wavelength of interest in 
units of time per unit length by using the second derivative of n(λ) in equation (18): 
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𝐺𝑉𝐷 =  𝜆32𝜋𝑐2 𝑑2𝑛𝑑𝜆2  (18) 
 
Therefore the total group delay dispersion (GDD) experienced by a pulse is then the 
product of the GVD and the propagation length in that material [217]. Media which 
have positive GVD exhibit normal dispersion. A pulse propagating in a normally 
dispersive medium becomes “positively” or “up-chirped” in which the instantaneous 
frequency of the pulse increases with time as the higher frequency components of the 
pulse are forced to travel slower than the lower frequencies. The majority of laser gain 
media are normally dispersive in the visible spectral region, with increasing wavelength 
into the IR/mid-IR spectral ranges many materials cross their zero-dispersion 
wavelength point and exhibit anomalous dispersion. In the case of anomalous 
dispersion, the opposite situation occurs. The GVD is negative imposing a negative or 
down-chirp on the pulse, in which the instantaneous frequency decreases with time and 
this is the way in which the pulse is temporally broadened [218]. In a modelocked laser, 
a net GDD value of zero is optimum to sustain the emission of ultrafast pulses therefore 
efforts must be made to compensate the total GDD of the various cavity elements[203]. 
Note that this ignores the effects of SPM which also needs to be accounted for in 
practice in addition to the material/component contributions to the dispersion, for 
obtaining the minimum pulse duration in the femtosecond regime.  
 
It should be noted that the higher orders terms of the dispersion in equation (17) have 
been neglected for simplicity, however for very short ~ sub 30 fs pulses in which the 
range of frequencies emitted under the pulse envelope is large, these higher order 
dispersion terms become increasingly significant and must also be managed effectively 
[219]. 
 
There are a number of methods that can be employed in a laser cavity to control the net 
intracavtiy dispersion which will be discussed now.  
 
4.4.2 Dispersion Compensation Methods 
 
Neglecting the effects of SPM for simplicity in this discussion, if the total dispersion 
induced by all optical elements in a laser cavity is well defined, one can simply add a 
material into the cavity which has a dispersion equal in value but opposite in sign to the 
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total dispersion, resulting in a net dispersion or extremely close to zero. In the case of 
modelocked fibre lasers a dispersive fibre can be spliced onto the gain material fibre of 
appropriate length depending on its GVD value at the central wavelength of the laser 
[220]. Similarly, for a bulk laser, a piece of material with the correct GVD value and 
length can fully compensate the cavity dispersion, the loss induced is minimised by 
aligning the material at Brewster’s angle. In this case it is more challenging to achieve 
the length of material required as bulk material is more difficult to dice accurately than 
fibre. Alternatively material windows can be stacked together to achieve the desired 
thickness, but in either case, it is difficult to obtain the exact desired total material 
length and therefore minimum pulse duration [211]. One solution to this problem has 
been the use of a pair of wedged windows; aligning at Brewster’s angle minimises the 
loss. Fine control of the wedge positions and hence the thickness of material the pulse 
propagates through, allows for very accurate control of the dispersion the pulse 
experiences [203].  
 
The use of a prism pair is another method of employing very fine control over a 
modelocked laser intracavity dispersion [53, 211, 221, 222] . Rather than making use of 
only material dispersion as above, this method introduces geometric dispersion in the 
cavity beam path as demonstrated in Figure 4.13. The basis of this method is to 
manipulate the beam paths of various wavelengths within the pulse to ensure all 
wavelengths have equal round trip times.  
 
Figure 4.13. Prism pair arrangement for dispersion compensation in a 















In Figure 4.13 prism P1 spatially splits the incident pulse wavelengths. Then, P2 refracts 
the separated wavelength components such that they then propagate in parallel on 
exiting the prism. In this way the GDD can be tuned to either positive or negative values 
through appropriate positioning of the prism pair to manipulate the path length and thus 
the phase of the separated wavelengths. As the prism pair is usually integrated into the 
laser cavity, it is designed to induce half the total dispersion required, in a single pass. 
The light is reflected back through the prism pair by the highly reflective mirror, HR, 
and thus acquires half the total dispersion value again whilst also being spatially 
recombined.  This method is particularly useful for control of extremely short pulse 
lengths as the separation of the prisms, z, and the penetration distance into the second 
prism, x, can be separately controlled allowing for independent tuning of the GDD and 
third order dispersion (TOD) [223]. Brewster angle prisms of the selected material are 
often used to minimise the losses in the system [203, 224].  
 
Another well-established method for dispersion compensation in ultrafast modelocked 
lasers is the use of chirped mirrors. Chirped mirrors consist of a mirror substrate coated 
with a series of dielectric layers, followed by an AR coating layer to minimise the 
losses, this design is shown in Figure 4.14. The various wavelength components of the 
pulse penetrate to different layer depths within the dielectric stack as demonstrated in 
the figure. Longer wavelength components are reflected by the layers deeper within the 
stack and hence accumulate a larger group delay giving rise to anomalous dispersion 
[203]. Chirped mirrors are designed for a certain wavelength region and quoted to have 
a specific GDD value in fs2 per bounce. 
 
 
Figure 4.14. Structure of chirped mirrors for dispersion compensation.  
  
The disadvantage of using chirped mirrors lies in that they have a GDD which is 









integer number multiplied by their quoted GDD value, i.e. the product of this and the 
number of bounces in the cavity from the chirped mirrors. As a result of this, they are 
often used in combination with other methods such as wedged windows or prism pairs 
to allow much finer tuning of the net GDD. However, the disadvantage of this, which is 
also common to all dispersion compensation methods is that they all complicate the 
cavity to a certain extent. This often requires the cavity to be lengthened to fit in the 
mechanical mounts needed for the components. This is particularly unfavourable when 
the goal is to generate ultrafast pulses with high PRFs, therefore often a compromise 
must be made between the shortest pulse duration and highest PRF attainable [203]. 
However, chirped mirrors have had a great deal of success in producing very short pulse 
lengths in the mid-IR as reported in [208, 212, 225]. Therefore they have been utilised 
in the KLM modelocking investigation of Cr:ZnSe in chapter 6 of this thesis, and have 
allowed us  to successfully demonstrate sub-40 fs pulses. 
 
 
4.5. Measurement of Ultrafast Pulses 
 
This chapter has thus far concentrated on the theory as well as methods of generating Q-
switched and modelocked laser pulses.  Measuring the duration of Q-switched pulses 
can be done with a high speed photodetector, but the measurement of much shorter 
modelocked pulses, < a few ps, is not so straightforward. As a result various techniques 
have been developed to accurately measure such ultrafast pulses; this section will 
discuss some of the most commonly used techniques. 
 
Ultrafast pulses are emitted on a timescale much shorter than that achievable by even 
the most modern electronics.  As a result, this poses a real challenge when it comes to 
quantifying these pulse durations because photodetectors with adequately fast rise times 
and dynamic ranges do not exist. This is particular notable in the mid-IR where there is 
a lack of photodetectors in general compared to, for example, the IR and visible spectral 
regions. To illustrate this point further, the fastest photodetectors commercially 
available to date for wavelengths in the mid-infrared  > ~ 2.1 µm have a rise time of the 
order of a few ns, for example the VIGO detector which is utilised in chapter 6 of this 
work has a rise time of ~ 2 ns. Extended InGaAs based detectors can detect wavelengths 
up to ~ 2.1 µm have demonstrated significantly faster rise times of ~ 30 ps. An example 
of such a detector is the Newport photodiode used in chapter 5 of this work, it quotes a 
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rise time of 28 ps. However, this is still not fast enough for the direct measurement of fs 
pulses. Even in the near–IR and visible spectral regions where there is a much greater 
range of fast photodetectors available, the rise times are limited to a minimum of a 
number of ps. This justifies the need for alternative techniques that can resolve the 




Arguably the most common technique to measure ultrafast pulses is that of 
autocorrelation, it was one of the first methods developed to measure ultrafast pulse 
durations [226]. The basis of an autocorrelation measurement is to use the pulse to 
measure itself; this is achieved by splitting the pulse in a interferometer, then 
overlapping the two pulses temporally and spatially in a nonlinear medium. Such an 
arrangement is shown in Figure 4.15. 
 
 












This setup contains a Michelson interferometer which initially splits the incoming pulse 
into two replicas. The separate pulses propagate along the two arms of the 
interferometer onto the mirrors where they are reflected back toward the beamsplitter. 
The scanning mirror continually vibrates with a set frequency, introducing a temporal 
delay, τ, between the replicas as a function of the arm length difference. This means the 
electric field amplitudes of the two separate pulses can be expressed as E(t) and E(t – τ).  
Subsequently, the pulses recombine spatially and are focused by the lens onto the 
photodiode. The overlapped pulses induce 2-photon absorption in the semiconductor 
material of the photodiode producing a measured frequency doubled intensity signal, of 
the form shown in equation (19) [227]. 
 𝑔2(𝜏) = ∫ |{𝐸(𝑡) + 𝐸(𝑡 − 𝜏)}2|2𝑑𝑡∞−∞ 2 ∫ |{𝐸(𝑡)}2|2∞−∞  𝑑𝑡  (19) 
 
This signal is a fringe pattern called the interferometric autocorrelation trace which has 
fringe spacing of   
𝜆𝑐, where λ is the central laser wavelength and c is the speed of light. 
An example of such a signal is demonstrated by the blue curve labelled ‘experimental 
data’ in Figure 4.16; this autocorrelation trace was measured from the modeolocked 
laser reported in [101]. For scanning mirror positions which give a delay of 0 and thus 
perfect constructive interference at the photodiode, the signal has amplitude double that 
of a single pulse and so an intensity which is 4 × greater. Then due to the frequency 
doubling the resultant signal has 16 × the intensity of a single pulse. When there is no 
overlap between the pulses on photodiode, there is no 2-photon absorption and the 
signal has intensity twice that of a single pulse. To put it another way, for limits of τ=0 
and τ→±∞ g2(τ) reduces to 16 and 2 respectively. Therefore, the indication of a 
correctly aligned interferometric autocorrelator is a characteristic ratio of 8:1 from the 





Figure 4.16. Example of experimental interferometric and inferred intensity 
autocorrelation traces demonstrating the peak to wing ratios in each case. 
These results were observed from the 320 fs modelocked Er:bismuthate 
waveguide laser demonstrated by Beecher at al. in [101]  and the diagram has 
been reproduced from this report. 
 
If the photodetector has insufficient bandwidth to resolve the interference fringes the 
resultant signal function in this case is shown in equation (20) [227].  𝐺2(𝜏) = 1 + 2 ∫ 𝐼(𝑡)𝐼(𝑡 − 𝜏)𝑑𝑡∞−∞∫  𝐼(𝑡)2𝑑𝑡∞−∞  (20) 
 
G2(τ) is a time-averaged function called the intensity autocorrelation in which I(t)  and 𝐼(𝑡 − 𝜏)  are the intensity functions of the separated pulses. An example of this 
measurement is shown by the curve labelled ‘inferred data’ in Figure 4.16. For the 
limits of τ = 0 and τ→±∞, equation (20) simplifies to 3 and 1 respectively so the 
characteristic ratio for a correctly aligned system is 3:1. As the function G2(τ) depends 
on the intensities of the pulses and the intensity itself is a function of only the 
magnitude of the electric field amplitude, all phase information is lost. Therefore, the 
disadvantage of the intensity autocorrelation is that no information about the phase is 
conveyed in the detected signal. Whereas, in the interferometric autocorrelation trace 
some observed distortion in the fringes indicates that a pulse has an additional chirp, an 
example of a chirped pulse autocorrelation trace is shown in Figure 4.17. A distortion of 
the trace envelope can be observed in the wings of the pulse compared to the ideal trace 




Figure 4.17. Interferometric autocorrelation of a chirped 10 fs Gaussian pulse 
with a central wavelength of 800 nm. An additional GDD value of 150 fs2 has 
resulted in distortion of the pulse envelope in the wings. This diagram has been 
reproduced from [228]. 
 
The trace cannot identify whether the pulse is “up-chirped” or “down-chirped”, it only 
indicates the magnitude of the chirp, but this can be useful when fine tuning the 
dispersion. The pulse duration, τp, can be directly obtained from an autocorrelation trace 
by measuring the full width half maximum (FWHM), 𝜏𝐹𝑊𝐻𝑀 . They are related by a 
deconvolution factor k as shown in equation (21) [224, 227]. 𝜏𝐹𝑊𝐻𝑀 = 𝑘𝜏𝑝                                                       (21) 
 
The appropriate choice of k depends not only on the type of the autocorrelation trace but 
also the pulse shape in question. The profile of an ultrafast pulse is commonly 
approximated as having a temporal shape which described by either a sech2 or a 
Gaussian function. For the interferometric autocorrelation technique the relevant k 
values are 1.697 and 1.897 for Gaussian and sech2 pulse profiles respectively. In the 
case of the intensity autocorrelation the k values are 1.414 and 1.543 [224, 227, 229]. 
The pulse shape can be verified using the time bandwidth product. For bandwidth-





It should be noted that in original autocorrelator setups the recombined pulses were 
focused into a nonlinear crystal to induce second harmonic generation (SHG), the 
photodiode then detects this SHG signal from the crystal. The simpler 2-photon 
arrangement shown in Figure 4.15 can offer broader detection compared to using a 
nonlinear crystal as the frequency doubling does not rely on phasematching nor does it 
have any polarisation dependence [230]. This setup has therefore been chosen as the 
pulse measurement method for the modelocked laser that will be presented in chapter 6. 
 
4.5.2 Alternative Pulse Measurement Techniques 
 
Although an interferometric autocorrelation can provide some information about the 
phase of the measured pulses, in that one can determine the magnitude of a chirp on the 
pulse, it does not allow for the measurement of the phase across the pulse. Furthermore, 
the distortions which can be enforced upon the autocorrelation trace lead to errors in the 
calculation of the pulse duration from the observed FWHM. Latterly, as the ability to 
produce extremely short pulses has grown, there has also been a desire to reliably 
completely characterise the pulses in terms of both; the duration and the absolute phase. 
A variety of powerful techniques have emerged which accomplish this, most notably 
Frequency Resolved Optical Gating (FROG). FROG allows measurement in both the 
time and frequency domain simultaneously. It is essentially a method of measuring the 
signal spectrum versus the intruded time delay. This eliminates the requirement to make 
assumptions about the pulse. Like autocorrelation, FROG uses the pulse to measure 
itself, the equipment required is similar in that the beam is split by an interferometer 
arrangement. However, in this case, a spectrometer is used to view the output from the 
nonlinear crystal in place of a photodiode. The resultant trace is called a spectrogram 
which can be analysed with the use of a phase-retrieval algorithm which allows precise 
calculation of both the phase and pulse duration [227, 231]. A FROG measurement is 
not altered by any dispersion introduced after propagation through the nonlinear crystal 
because the spectral domain is unaffected by this. There exist a number of other 
techniques which have been explored and used successfully in the characterisation of 
ultrafast pulses, including, for example, Spectral Interferometry for Direct Electric-field 
Reconstruction (SPIDER) [227] and Multiphoton Intrapulse Interference Phase Scan 
(MIIPS) [232]. However, FROG has essentially become the standard for ultrafast pulse 
characterisation and is coming to replace autocorrelation. It is extremely versatile 
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allowing the precise measurement of pulses with durations ranging from sub-fs to ns 
scale.  
 
In spite of this, autocorrelation measurements are still widely utilised and presented in 
journal papers particularly for the characterisation of mid-IR pulses. This is because the 
linear arrays which are required for use in FROG in this spectral region are still fairly 
limited in availability and expensive, and may require cryogenic cooling further 
complicating the experimental setup. The alternative pulse characterisation methods 
mentioned here will be explored no further as they are beyond the scope of this work, 
but it is necessary to include them in this theory section to provide a complete overview 





This chapter has introduced the operation of pulsed lasers as opposed to CW by 
describing the different techniques of Q-switching and modelocking to achieve pulse 
generation, highlighting that the latter can result in ultrafast pulse generation. The 
differences between active and passive modelocking techniques have been discussed. It 
was shown that passive techniques can achieve much shorter pulse durations. As a 
result, the effective passive modelocking techniques of SESAMs, graphene based SAs 
and KLM have been discussed in detail with particular focus on their capability for 
emission in the mid-IR. The concept of intracavity GDD was then introduced as it has a 
large impact on the minimum pulse duration obtainable by a modelocked laser, several 
methods for effectively managing this parameter were subsequently presented. Finally, 
the challenge of accurately measuring modelocked pulses was presented. Modern 
photodetectors are not fast enough to resolve ultrafast events justifying the requirement 
for alternative measurement methods. The last section has discussed the most 
commonly employed ultrafast measurement methods with specific attention paid to that 
of interferometric autocorrelation, as that is the technique which has been utilised 











The Y3Al5O12 crystal, more commonly known as Yttrium Aluminium Garnet or just 
YAG, has long been established as an ideal laser gain host medium. This is owed to its 
many favourable thermo-mechanical and optical properties for laser operation. It is an 
optically isotropic, chemically stable and robust material which is readily acceptant of 
RE ion dopants. The trivalent Yttrium ions can be directly substituted for trivalent RE 
ions meaning that charge compensation is not necessary [233, 234]. In addition to this, 
the cubic nature of the YAG structure supports narrow fluorescence bandwidths from 
the dopant ions which tend to favour low laser threshold and high gain values. 
Furthermore, this crystal structure is continually stable from low temperatures right up 
to its extremely high melting point of ~ 2213 K [235]. As a consequence it is 
particularly useful for the development of high powered emission sources as it can 
withstand the high pump powers required which can be in the range of 10s of kWs [236, 
237]. It can also be be cryogenically cooled with no issues which can be beneficial for 
laser emission in some cases – this will be discussed in greater detail later in this 
section. Another important property is its optical transparency ranging ~ 0.2-5.2 µm 
[238], thus it is suitable for use throughout the visible and IR spectral ranges. 
 
The advantageous properties discussed have led to Nd3+:YAG becoming the world’s 
most widely used, well-known solid-state laser gain material . This laser emits at 1064 
nm and has demonstrated impressive multi-kW CW output power capabilities [237, 
239] as well as few ps pulses in modelocked operation [240] . Various other dopants 
have been successfully utilised for laser emission spanning a range of wavelengths. A 













Nd3+ 946 nm, 1064 nm, 1.3 µm 
[241] & 1.8 µm [242] 
Tm3+ ~2 µm [243] 
Er3+ 1.6[96] & 2.9 µm [87] 
Cr4+ 1.35-1.55 µm [244] 
Yb3+ 1.03 & 1.05 µm [245] 
Table 5.1. A table summarising the elements commonly doped in YAG for laser 
emission as well as the wavelength they emit at. 
 
Another dopant which has not been mentioned yet and is the focus of this chapter is the 
trivalent Holmium ion: Ho3+. For simplicity, from here on Ho3+ doped YAG will be 
referred to as Ho:YAG. This ion is of particular interest for its transition which emits in 
the mid-IR at  ~ 2.1 µm. Laser sources in this wavelength region find use in a variety of 
applications including for example surgery [7] and defence [8]. They also find use in 
wind velocity monitoring [246] and the detection of greenhouse gases such as N2O 
[247]. The first Ho:YAG lasers demonstrating emission at 2.1 µm were co-doped with 
other RE ions including Er, Yb, Cr and Tm to optimise the absorption of incident pump 
energy [248, 249]. Subsequent energy transfer processes occur from the co-dopant ions 
to the Ho ions populating the upper lasing level sufficiently to create a population 
inversion and thus initiate lasing. The first Ho:YAG lasers to demonstrate lasing action 
on this 2.1 µm transition were reported in 1965-66 by Johnson et al [250, 251]. They 
were co-doped with Tm, Yb and Er demonstrating a maximum slope efficiency of ~ 
5%. With the development of high power ~ 800 nm diode lasers, Tm emerged as the 
most popular choice of co-dopant for Ho:YAG laser operation. This wavelength is ideal 
for pumping Tm ions, thus the high powered diodes facilitated very efficient energy 
transfer from the Tm to the Ho ions, greatly improving the performance of lasers 
emitting on the 2.1 µm transition [252, 253].  
 
The next major step in the development of Ho:YAG lasers came with improved 
performance of 1.9 µm Tm doped lasers demonstrating good beam quality. This 
facilitated laser emission from singly doped Ho:YAG crystal through in-band pumping 
at 1.9 µm. The first demonstration of this was reported in 1992 by Stoneman et al. [254] 




Figure 5.1. Energy level diagram of the Ho3+ ion with important transitions for 
in-band pumped laser action at 2.1 µm highlighted. Diagram was produced 
using information from [255]. 
 
This direct pumping of the Ho ions is made possible due to the Stark splitting of the 
ground state – energy level 5I8, this can be seen in Figure 5.1. As shown, the 1.9 µm 
pump is absorbed exciting electrons into the 5I7 energy level. The 2.1 µm emission 
occurs when an electron in this excited state decays into one of the Stark level 
manifolds of the ground state which are thermally populated, with the emission of a 
photon. The released photon has a wavelength slightly larger than the pump because the 
Stark levels into which the electrons decay have slightly higher energies than the zero 
energy ground state. As a result this is referred to as a quasi-three level laser scheme  
[256]. Both the ground state and the excited energy level 5I7 experience considerable 
Stark splitting in Ho:YAG; more specifically 11 sublevels spanning energies 0 – 535  
cm-1 and 14 sublevels spanning energies 5228 – 5455 cm-1 respectively [257]. When Tm 
co-doping is exploited, regardless of how efficient the energy transfer processes from 
the dopant Tm ions to the Ho ions are, the probability of upconversion processes which 
populate the 5I6 and the higher 
5I5 levels as well as the thermally induced stress are 
significantly higher than in singly doped Ho crystals. A direct result of these processes 
is that the energy storage lifetime of the upper lasing level is strictly limited to be 
shorter than the theoretical lifetime of this level in Ho, the extent of which depends on 
the co-dopant concentration. These effects inhibit the laser’s efficiency and power 
capabilities [254, 258] . As a result of this, there was a great deal of interest in 
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Other than negating the disadvantages associated with co-doping, another benefit of in-
band pumping is that of a particularly low quantum defect and hence the potential for 
very high pump-to-signal lasing efficiencies. However, quasi-three level laser systems 
generally require high pump power levels to reach threshold. At such high incident 
power levels detrimental thermal effects common to the material, including a low 
thermal conductivity at room temperature, around 11 Wm-1K-1, are more apparent. This 
means that heat dissipation within the material is inefficient thus limiting the laser 
performance and increasing the potential for thermal damage.  Consequently, much of 
the work done in Ho:YAG crystal lasers utilises cryogenic cooling, usually with liquid 
nitrogen, to operate them at temperatures approaching ~ 77 K. When the material is 
cooled to this low temperature, the population in the lower lasing level which is a Stark 
manifold is reduced by transfer to another of the Stark levels, the laser, thus, in effect 
behaves like a near four level system [255]. This greatly reduces the laser threshold 
when compared to room temperature. Cryogenic cooling in YAG has also been shown 
to increase the thermal conductivity of the material; the induced temperature gradients 
are therefore reduced resulting in more uniform cooling throughout the material.  
Simultaneously both the thermal expansion coefficient and the thermo-optic coefficient 
are reduced. These augmented properties are significantly more favourable material 
parameters for lasing and have therefore allowed the demonstration of up to 100 W of 
CW output power and thresholds < 1W. [46, 259, 260].  
 
Despite cryogenically cooled bulk Ho:YAG lasers exhibiting high power output 
capabilities, the complex equipment required for effective cooling deemed them very 
expensive and unsuitable for many applications. As a result a significant amount of 
research has been done latterly to optimise the performance of Ho:YAG lasers for near 
room temperature operation with great success. However, these systems are generally 
quite large bulk cavities because this type of setup can aid effective heat dissipation in 
the crystal. For example the high power systems reported in [261-263] demonstrating 
power capabilities of 30-100 W have cavity lengths ranging of 1-2.4 m. These large 
systems often containing many mechanical components can be unsuitable for many 
“real world” applications in which compact, portable sources are required. Furthermore, 
the high PRF’s required by some applications are not possible for these cavity lengths. 
 
Using waveguide geometry can offer an alternative solution to these issues while also 
negating the need for cryogenic cooling.  This is because a waveguide ensures good 
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overlap between pump and signal beams which can lower the laser threshold 
significantly and also result in high optical gain. The gain in a waveguide can be very 
high per unit length compared to bulk material if the ideal waveguide parameters are 
identified [55]. Overall, this reduces the requirement for pump powers levels which 
potentially cause thermal issues detrimental to the laser performance [55, 58]. This type 
of geometry could be employed in a fibre laser form but as discussed in Section 2, the 
compactness and performance of fibre lasers are limited by the inherent minimum bend 
radius as discussed in Section 2. A ULI waveguide laser provides an elegant solution 
and as a result it is possible to construct such a laser on the scale of a few mm [34, 142-
145, 264], this is ideal for GHz PRF emission in the modelocked regime which is the 
ultimate aim of this work [265-267]. This chapter reports the first waveguide laser 
reported in Ho:YAG material. A full characterisation of the CW waveguide laser 
performance is given in section 5.2. Section 5.3 subsequently presents results from the 
first demonstration of a GHz PRF Ho:YAG pulsed laser which was made possible due 
to; the compact, high-gain and single mode nature of the ULI fabricated waveguides.  
  
 
5.2 Continuous Wave ULI Ho:YAG Waveguide Laser  
  
For this investigation the Ho:YAG substrate in question was fabricated by Blue Ridge 
Optics. It was doped with 0.5 at. % Ho and had dimensions of 5 × 5 × 14 mm. The 
waveguides were inscribed in the 14 mm length of the sample to maximise the 
attainable gain.  
 
5.2.1 Waveguide Fabrication in Ho:YAG 
 
In Ho:YAG, successful inscription of waveguides has been reported previously by 
Rodenas et al. [268] , in this work a positive refractive index change was induced in the 
material, but no lasing action was demonstrated. However, lasing operation has been 
reported in YAG hosts doped with Nd [80, 269] and Tm [270] facilitated by depressed 
cladding waveguides [80, 269, 270]. In addition to this, the inscription method for 
depressed cladding structures allows for very fast and precise fabrication of waveguides 
10s of µm’s in diameter – this tends to be the suitable scale for propagation of mid-IR 
wavelengths. As a result, depressed cladding waveguide structures were chosen for the 
Ho:YAG waveguide laser reported here. 
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The same Yb:fibre inscription laser system described in sub-section 3.4.1 was used for 
the waveguides fabricated in this section. The laser has a central wavelength of ~ 1043 
nm with a pulse width of ~ 359 fs and is circularly polarised. For these waveguides it 
was operated with a PRF of 500 kHz and pulse energy of 250 nJ. The pulses were 
focused below the surface of the Ho:YAG crystal using a 0.4 NA lens with focal length 
= 6.2 mm, resulting in a focal spot of ~ 2 µm at an approximate distance of 250 µm 
below the material surface. The substrate was translated on the Aerotech stages at 10 
mms-1 through the laser focus to create annular structures with diameters ranging from 
30-80 µm. The number of inscription elements was also varied. An example of the 
resultant waveguide structures are displayed in Figure 5.2.  
 
 
Figure 5.2. Transmission microscope image of the end facet of ULI depressed 
cladding waveguide structures fabricated in Ho:YAG. 
 
The number of inscription elements tends to be dependent on the diameter of the 
waveguide; for the larger diameter waveguides more inscription elements are required 
to ensure the strained region of the inscribed cladding surrounds the entire core. 
However, the number of elements parameter can also be varied for waveguides of the 
same diameter to identify a regime for both low loss and tight confinement. This is 
demonstrated in Figure 5.2, each of the waveguides has a 60 µm core diameter but the 
number of elements decreases from left to right. Visible cracking/damage has occurred 
for the largest number of elements which has an adverse effect on the waveguide losses, 
but if too few elements are used the confinement can be ineffective. The aim was to find 






5.2.2 Single Mode Ho:YAG Waveguide Laser  
 
The ULI waveguides were then investigated for transverse mode propagation and laser 
performance in the cavity setup shown in Figure 5.3.  
                                                                                                                           
 
Figure 5.3. Cavity configuration of the Ho:YAG ULI waveguide laser. L1 and L2 
are plano-convex lenses with 40 and 50 mm focal lengths respectively, both are 
AR coated for 1.65 – 3 µm. IC is the input coupler, OC is the output coupler 
and LP is a 2 µm long pass filter. PBS, is a polarising beam splitter, λ/2and λ/4 
are half and quarter wave plates respectively.  
 
L1 and L2 are lenses chosen to optimise the coupling of pump light into the waveguides, 
their AR coating allows maximum transmission of the pump and laser output. The input 
coupler, IC, is HR coated on the front side adjacent to the sample, at 99.9% for 2.05 – 
2.43 µm and AR coated on the rear side for 1.7 – 2.0 µm to allow maximum 
transmission, > 99%, of the pump. OC represents the output coupler, four different 
output couplers were utilised to characterise the laser performance. Three had 
reflectivity values of 60, 70 and 80% from 1.7 – 2.7 µm, giving rise to a double pass of 
the pump at 1.9 µm. The other OC was coated for 97% reflectivity for 2-2.4 µm. These 
output couplers will be referred to as 60% R OC, 70% R OC, 80% R OC and 97% R 
OC from here on. The 2 µm long pass filter, LP, filtered out any unabsorbed residual 
pump light before measurement of the laser output characteristics. The Ho:YAG 
substrate was fixed with thermal paste to a copper mount which was passively water 
cooled to a fixed temperature of 15°C. 
 
The pump source utilised was a linearly polarised CW Tm doped fibre laser with 
emission wavelength 1908nm, a maximum output power of 20 W and beam diameter of 
~ 4.1 mm. It was manufactured by IPG photonics; the model number is TLR-20-1908-
LP. To prevent potentially damaging feedback into the pump laser due to Fresnel 
Collimated 
Pump @ 1.9 µm 





λ/2 PBS      λ/4 
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reflections from the sample surface itself and other cavity components, a beam 
splitter/wave plate arrangement was setup prior to the transmission through L1 which 
can be seen in Figure 5.3. PBS represents a polarising beam splitter, λ/2 and λ/4 
represent half and quarter wave plates respectively. The PBS is aligned to allow for 
maximum transmission of the pump light which is polarized horizontally, on 
propagation through λ/4 the beam becomes circularly polarised. Back reflections from 
optics in the laser waveguide laser set-up will therefore be circularly polarised in the 
opposite direction and thus emerge from λ/4 with linear polarisation in the opposite 
direction to the pump. The beam is subsequently prevented from propagating back 
toward the pump laser by the PBS, in this way the set-up acts as an optical isolator.  A 
prior member of the NLO group had carried out beam quality M2 measurements on this 
laser and it was shown to vary between 1.4 and 2.4 dependent on the diode current 
applied. These results can be found in [271]. The M2 value was shown to increase for 
particularly high and low applied diode current and found to be stable if operated in 
between those limits. The M2 parameter definition will be explained in detail later in 
this section; here it is important to know that the increase in its value at high and low 
diode current was detrimental to the laser performance. The PBS and wave plate 
arrangement allowed an alternative means of fine pump power control through rotation 
of the half wave plate, as opposed to changing the diode current, whilst simultaneously 
minimising the feedback. The resultant pump beam was circularly polarised with a 
maximum power of 12 W.  
 
A total of 36 waveguides were inscribed in an attempt to identify the optimum 
inscription parameters for a waveguide laser. The initial inscription parameters were 
identified by analysis of the previous ULI work in YAG material, carried out in the 
NLO group.  The inscription beam was focused using a 0.4 NA objective lens; this 
resulted in the set of waveguides being fabricated at a depth of ~ 250 μm below the 
substrate surface. The other inscription parameters were varied to fabricate waveguides 
with combinations of the following: diameters ranging from 30 – 60 µm, inscription 
translation speeds from 8 – 12 mms-1 and average powers 120 – 130 mW. As the 
ultimate aim was to develop a high PRF pulsed source, the waveguides were first 
investigated for transverse single mode propagation. The reasons that transverse single 
mode is optimum for laser operation has previously been presented in sub-section 3.4.1. 
It was found that waveguides greater than 50 µm in diameter were all multimode. The 
single mode waveguides were then operated in a laser cavity and it was found that none 
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of 30 µm diameter waveguides could demonstrate lasing action. The laser output power 
from the remaining waveguides was then measured as a function of pump power with 
the 80% R OC to identify the most efficient waveguide. The optimally performing 
waveguide in terms of output power capability was found to have a diameter of 50 µm 
comprised of 60 inscription elements and was inscribed with an average power of 125 
mW at 12 mms-1. The end facet of this waveguide is shown in Figure 5.4.  
 
 
Figure 5.4. Transmission microscope image of the end facet of depressed 
cladding single mode waveguide structure in Ho:YAG. 
 
A full characterisation of this waveguide was then performed, the results of which are 
presented here. Prior to investigating the laser performance, the refractive index 
difference between the unmodified core and the inscribed cladding regions of the 
waveguide was estimated. The method to do this involved the measurement of a laser 
beam width and divergence angle, the standard methods of measuring these parameters 
are defined in the ISO Standard 11146. The experimental procedure implemented will 
now be described with reference to this standard and Figure 5.5: 
 
Figure 5.5. Schematic diagram of the experimental setup for the measurement 
of the refractive index difference between the core and cladding of a depressed 
cladding waveguide. L is a 40 mm focal length plano-convex lens.  
 
Pump light is focused into the waveguide with the 40 mm focal length lens, L, and a 
knife edge measurement is then utilised to evaluate the radius of the output beam 
emerging from the waveguide as a function of distance from the output facet, z. The 










perpendicular to the propagating beam. The knife edge is initially outside of the beam 
path, it is then translated through the beam whilst monitoring the output power after the 
knife edge. The distance that the knife edge travels between obstructing 10% and 90% 
of the total beam, ∆𝑋90−10, is measured, this is then used in equation (22) to calculate a 
value for the Gaussian beam radius.  
 ∆𝑋90−10 =  1.28𝜔𝑟 (22) 
 
in which ωr is the Gaussian beam waist radius indicated in Figure 5.5. A full derivation 
of equation (22) is found in [272] which fully explains the origin of the calibrating 
factor 1.28  For the diverging beam emerging from a waveguide, the knife edge method 
described is utilised to evaluate several values of the beam waist as a function of the 
distance from the output facet. Using these values one can estimate a value of the half 
divergence angle of the beam θh shown in Figure 5.5. This angle is subsequently used in 
the standard formula for the NA of a waveguide which is given in equation (23) 
 𝑁𝐴 =  𝑛0 sin 𝜃ℎ  = 1𝑛0  √(𝑛𝑐𝑜𝑟𝑒)2 − (𝑛𝑐𝑙)2 (23) 
 
where n0 is the index value of the material surrounding the substrate which in this case 
is 1 and ncore and ncl are the indices of the waveguide core and cladding respectively. If 
the refractive index of the unmodified core is known, one can calculate the value of the 
refractive index of the cladding with equation (23) and hence the difference between the 
two indices.  
 
For the waveguide in Figure 5.4, a set of knife edge measurements were performed in 
the horizontal dimension, these returned a half divergence angle θh of approximately 
1.87º. The refractive index of the Ho:YAG substrate material is ~ 1.802 at the signal 
wavelength.  By inserting these values into equation (23) a value of ~ 1.8017 was 
calculated as the index of the cladding material, resulting in a refractive index difference 
between core and cladding of Δn = 0.0003. It is expected that the index difference 
should be particularly small for single mode propagation, for reference, the multimode 




The waveguide was then pumped in the cavity configuration shown in Figure 5.3, the 
waveguide laser output power was recorded at several intervals as a function of the 
pump power incident on the crystal, both were measured with a thermal power meter – 
Spectra-Physics model 407. The Ho:YAG substrate has not been AR coated on the end 
facets, therefore light incident on it will experience Fresnel reflections which for this 
material are ~ 8%. This loss was accounted for by it subtracting it from the measured 
incident pump powers.  Therefore, the pump power values quoted are the maximum 
power available to be coupled into the waveguide. The laser output power vs pump 
power measurements were repeated for each of the four available output couplers and 
the results are presented in Figure 5.6. Table 5.2 summarises the resultant slope 
efficiencies and maximum waveguide laser output powers observed.  
 
Figure 5.6. Output power characterisation of Ho:YAG waveguide laser for four 
different reflectivity values of output coupler. The key in the top left corner 
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OC Reflectivity (%) 
Maximum Laser 
Output Power (mW) 
 
Slope Efficiency (%) 
97 458 5 
80 917 10 
70 1775 16 
60 1183 13 
Table 5.2. A table summarising the Ho:YAG waveguide laser maximum output 
power and slope efficiency for each of the 4 OC’s.  
 
The 70% R OC resulted in the highest laser output power possible with this pump 
source. Furthermore, with this OC, unlike with the other three, thermal rollover was not 
observed for the higher pump powers. From Figure 5.6 it can be deduced that the laser 
threshold for each OC is typically < 50 mW. These threshold values are the lowest 
demonstrated to date in this material and are attainable due to both the high degree of 
overlap between pump and signal and the small radius sustained over a relatively long 
distance. These are both direct results of the tight confinement provided by ULI 
waveguide. 
 
The propagation loss of the waveguide fundamentally dictates the output power cability 
of a waveguide laser. A source at the signal wavelength of ~ 2.1 µm is required to make 
a direct measurement of the propagation loss but such a source was not available at this 
time. However, both Findlay-Clay [273] and Caird [274] analysis are alternative 
methods to provide an estimate of the loss. Findlay Clay analysis is suited to estimating 
the round trip loss of a 4 level laser system. However, for a quasi-three level system in 
which the round trip losses can be dominated by re-absorption losses, a Caird analysis 
provides a more accurate estimate of the propagation loss [275]. The plot in a Caird 
analysis is based on equation (24). 
 1𝜂 = 1𝜂0 + 𝐿𝜂0 1𝑇𝑂𝐶 (24) 
 
In equation (24), η is the laser slope efficiency, η0 is the intrinsic slope efficiency or in 
other words the theoretical maximum of the slope efficiency, TOC is the transmission 
value of the OC and L is the round trip propagation loss. By plotting a graph of  1 𝜂⁄  
versus 1 𝑇𝑂𝐶⁄  , the intrinsic slope efficiency can be calculated from the y intercept and 
the propagation loss can be estimated from the slope efficiency of the plot. This process 
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was performed for the slope efficiency data obtained from the Ho:YAG waveguide 
laser, the resultant plot is shown in Figure 5.7. The data point for the 97% R OC has 
been neglected as the Caird analysis is only valid under the assumption that the laser 
wavelength is the same for all OCs [274, 276]. It is shown in Figure 5.10 that the laser 
wavelength is red shifted with the 97% R OC.  
 
 
Figure 5.7. Caird plot of the  ULI Ho:YAG waveguide laser.  
 
The intrinsic slope efficiency η0 can be obtained from the linear fit of the Caird plot by 
calculating the inverse of the y intercept. For the plot in Figure 5.7, the y intercept is 
3.96 thus η0 is calculated to be ~ 25.3%. The cavity loss is then estimated from the slope 
of the linear fit resulting in L = 28.0%. Therefore, for the cavity length of 14 mm the 
loss is 1.43 dB which translates to a waveguide propagation loss of 1.02 dBcm-1. This is 
comparable to the propagation losses recorded by Ren et al. in [266]. The authors report 
a propagation loss of 0.77dBcm-1 for a Tm:YAG ULI depressed cladding waveguide 
laser, in a similar spectral range to our laser at around 2 µm. This estimation would be 
improved by recording a greater number of slope efficiencies for OCs with different TOC 
values, which all result in very similar spectral emission. However, such OCs were not 
available so the estimation was made with the data obtained, and is valid in 
demonstrating the low loss nature of the fabricated waveguides supported by the low 
threshold values recorded. 
 


















The transverse mode profiles from many of the waveguides were initially viewed on a 
mid-IR camera (FLIR model SC7000) to identify the single mode waveguides. As the 
waveguide in question appeared to propagate a single mode, a beam quality 
measurement was carried out to verify this. The laser beam profile as viewed on the 
camera is shown in Figure 5.8.  
 
 
Figure 5.8. Beam profile of the ULI HoYAG single mode waveguide laser 
output.  
 
The parameter indicative of the mode quality is the M2 factor which is defined in the 
ISO Standard 11146 as shown in equation (25). 
 𝜃 =  𝑀2 𝜆𝜋𝜔0 (25) 
 
In equation (25), θ is the half-angle beam divergence, ω0 is the beam waist radius at the 
focus of the 10 cm lens and λ is the emission wavelength. Hence to obtain a value for 
M2 both θ and ω0 must be evaluated. The procedure for this measurement was as 
follows; a 10 cm focal length lens was used to focus the collimated laser beam emitted 
from the Ho:YAG waveguide laser and the 1/e2 beam diameter was measured at several 
positions as a function of the propagation distance, z. The beam diameter was measured 
using a beam profiler (manufactured by DataRay with model number WinCamD-IR-

























using the 70% R OC as this demonstrated the most stable output in terms of power over 
time. To obtain values for θ and ω0, a numerical fit of the measured data was made to 
equation (26) [277] allowing for calculation of the M2 factor. 
 (𝜔(𝑧))2 =  [𝜃2]𝑧2 + [−2𝜃2𝑧0]𝑧 + [𝜔02 + 𝜃2𝑧02]                             (26) 
In equation (26) ω(z) is the measured beam radius, i.e. the beam diameter evaluated by 
the beam profiler divided by 2, and z0 is defined as the propagation distance of the beam 
at the focus. As defined in the ISO standard 11146, M2 cannot be < 1 and is equal to 1 
for a perfect Gaussian single mode, for increasingly multimodal structures, the M2 
factor increases from 1. A Matlab script was used to perform the numerical fit of the 
measured data by means of the least squared curve fitting tool. The graphs in the 
horizontal and vertical direction for the z position values versus the 1/e2 radius 
measurements squared are shown in Figure 5.9 and a) and b) respectively with the 







Figure 5.9. Plot of Ho:YAG laser (ω(z))2 values as a function of propagation 
distance, z, when the collimated laser beam is focused with a 10 cm focal length 
lens. Plots shown for both a) horizontal and b) vertical directions. 
 
















































The Matlab script used the fit of the data to calculate values for the beam waist radius at 
the focus, ω0, and the half-angle beam divergence, θ. It then uses these values in 
equation (25) to calculate M2 factors of 1.48 and 1.75 in the horizontal and vertical 
directions respectively. This indicates that the waveguide is asymmetrical and so not a 
perfect Gaussian single mode, however it was decided that it was sufficiently close to be 
considered as a promising candidate for modelocking investigations at this stage.  
 
In addition to the power performance and beam profile analysis, the laser spectral output 
with each OC was characterised with a Thorlabs Optical Spectrum Analyser (OSA) that 
has model number OSA205, it operates a resolution of 0.1 nm at the laser wavelengths. 
















Figure 5.10. Normalised Spectral output of Ho:YAG waveguide laser for 4 
different reflectivity values of output coupler. a) displays the output spectra for 
the 60, 70 and 80% R OCs and b) displays the 97% R OC spectrum which is 
red-shifted in comparison to the other three. 
a) 
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The three lower R OCs demonstrated laser emission wavelengths centred around 2090 – 
2091 nm shown in Figure 5.10 a), the 97% R OC red-shifts the operating wavelength to 
~ 2097 nm as can be seen in Figure 5.10 b). A laser emits at the wavelength which 
experiences the lowest losses and hence minimum threshold. The particular point at 
which this occurs is dependent on both the material emission cross section and the OC 
mirror reflectivity coating. The three lower reflectivity output couplers have broadband 
similar coatings whereas the 97% R OC has a different coating. This can be attributed to 
the combined effects of a different reflectivity coating on the 97% R OC and 
reabsorption loss. The latter is a common effect in this type of quasi-3 level laser in 
which the gain spectrum is dependent on the population inversion ratio. The value of 
this ratio is clearly dependent on the significant reabsorption which occurs due to the 
nature of the pumping scheme. For the higher reflectivity OC, the population inversion 
is relatively small and so there is less depletion of the inversion. As a result, the net gain 
peak can occur at wavelength substantially red-shifted from the peak of the emission 
cross-section. At the lower reflectivity OC values the required inversion to reach 
threshold increases and this in turn depletes the ground state and reduces the 
reabsorption occuring. Thus, the peak of the gain shifts back towards the peak of the 
emission cross-section [278]. 
 
5.2.3 Power Scaling of CW Ho:YAG Waveguide Lasers 
 
This work has been carried out in collaboration with colleagues based at the Air Force 
Research Laboratory (AFRL) situated within the Wright-Patterson Air Force Base in 
Ohio, USA. Whilst the work at HWU concentrated on efficient single mode laser 
operation, research efforts at AFRL were concerned with the high power operation of 
Ho:YAG waveguide lasers. Bulk Ho:YAG lasers have routinely produced output 
powers in the region of 10s – 100 W with slope efficiencies in the 50-80% range at 
room temperature [255, 261, 262, 279, 280]. The performance of the ULI waveguide 
laser presented here is far inferior in comparison, this is due to a number of factors: the 
gain crystal utilised was very short, only 14 mm, for the objective of generating high 
repetition rate pulsed output, thus the active volume is small in comparison to the bulk 
arrangements. In addition, the cooling system for effective dissipation of heat away 
from the crystal is limited by this size. Furthermore, the propagation loss of the 
waveguide introduced another loss element compared to the bulk setups. Therefore the 
research team at the AFRL concentrated on improving the power performance of the 
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waveguide laser scheme. They have had some success in demonstrating a Ho:YAG 
crystal fibre waveguide laser fabricated through adhesive free bonding of a Ho:YAG 
core to an undoped YAG cladding. This laser performed with a maximum CW output 
power of 500 mW and slope efficiency of 17%, Q-switching pulsed operation was also 
observed [281]. However, a ULI waveguide laser exhibited superior power 
performance; a maximum slope efficiency of 29 % and output power of ~ 1.9 W were 
observed from an 80 µm diameter waveguide. This increased performance level was 
demonstrated at the cost of reduced beam quality as the output was highly multimode 
with an M2 factor of ~ 5. The results of both the single and multimode waveguide laser 
performance have been published in Applied Optics [282]. For completeness it must be 
included that this paper also presents results of an experiment performed at AFRL 
utilising a Ho:YAG waveguide sample co-doped with Yb. The aim was to exploit 
energy transfer from the Yb to the HoYAG potentially allowing high-powered diode 
pumping at 940 nm. However, lasing action could only be achieved with in-band 
pumping and attempts to lase with a 940 nm diode pump were not successful as the 
crystal cracked under stress due to the thermal load. Although investigations are 
ongoing to optimise the ULI parameters in an attempt to reduce the stress in the co-
doped material, we conclude that as this time in-band pumping is optimal for ULI 
waveguides in Ho:YAG. Although these efforts have demonstrated some improvement 
in terms of power performance compared to the single mode waveguide presented, 
research is ongoing to optimise the waveguides themselves and the cavity for much 
higher performance comparative to bulk lasers.  
 
After completing the full CW characterisation of ULI Ho:YAG waveguide lasers, the 








Although some general applications of lasers emitting at ~ 2.1 µm have previously been 
discussed, there are a number of specific applications which require the use of very 
high, > 1 GHz, PRFs. Examples include high speed optical communication as well as 
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optical frequency combs for precision metrology. Often, multiple GHz range PRFs are 
required to obtain the high level of precision and resolution required for these types of 
applications [169, 210, 283] and therefore justify the need to develop high repetition 
rate pulsed sources in this spectral range. 
  
SESAMs have shown some success in the generation of modelocked pulses at ~ 2.1 µm 
[189, 284],  but as detailed in sub-section 4.3.3 they have complex fabrication 
procedures and tend to be bandwidth limited in this spectral range [285]. Attempts have 
also been made to modelock a Ho doped fibre laser using black phosphorus as an SA 
resulting in 1.3 ps pulses [286]. Black phosphorus is a relatively new SA material 
exhibiting a wide operational bandwidth suited for the emission of ultrafast pulses in the 
mid-IR up to ~ 4 µm [287]. To date it has not yet demonstrated capabilities at 2.1 µm to 
rival that of graphene which has successfully emitted sub-200 fs pulse from a Ho fibre 
laser [288], but as it is a new material investigations are ongoing to uncover its full 
potential. Another method which has been exploited for pulse generation at this 
wavelength is that of a modelocked solid-state laser combined with an OPO for widely 
tunable pulsed operation [21]. These setups require a number of free space optics 
resulting in complex and relatively large system which can often lead to issues with 
sensitivity to the surrounding environment and deem them unsuitable for some 
applications. As a result, there remains a real need to develop compact and robust 
systems which not only overcome the challenges associated with alternate methods, but 
also have the ability to generate ultrafast high PRF pulses in the mid-IR. 
 
With regards to modelocking the laser emission from active Ho ions in YAG crystal to 
obtain pulses centred at ~ 2.1 µm, co-doped schemes have been demonstrated with 
some success. 800 ps pulses were produced utilising an active modelocking technique in 
the form of an acousto-optic modulator from a Cr,Tm,Ho:YAG crystal pumped by a Kr-
ion laser [289]. Passive modelocking in the form of a SESAM resulted in 21 ps pulses 
from a diode pumped Tm,Ho:YAG [189]. However, the disadvantages associated with 
these co-doped schemes, which have been discussed at length in section 5.1, limit their 
capability. Despite becoming a widely established laser material that has been 
thoroughly researched there have been few demonstrations of singly doped Ho:YAG 
modelocked lasers with ultrafast  pulse widths and none to date with a high PRF in the 
multi GHz range. The shortest pulse width demonstrated from this material until two 
years ago was 2.1 ps exhibiting an average output power of 230 mW [284]. The laser 
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was passively modelocked with a slow GaSb based SESAM. Due to the high saturation 
fluence of many of the type of SESAMs which operate at this wavelength, > 400 µJcm-
2, focusing optics are required to saturate the SESAM. This, in addition to the type of 
bulk cavity exploited here, leads to an inherently long cavity length and hence a PRF 
which is limited to the MHz range. The first sub ps Ho:YAG oscillator was 
demonstrated in 2017 emitting pulses with a pulse width of 220 fs [290], the full results 
were published the following year in [291]. The authors reported an average output 
power of 18 W for the 220 fs pulses, which increased slightly to 270 fs during power 
scaling to 25 W of average output power. Such high power levels were achievable 
through the use of a thin-disk oscillator. This resonator arrangement allows for very 
effective cooling of the laser gain medium therefore significantly reducing the thermal 
issues often encountered at high pump power values in the range of ~ 100 W [290, 291]. 
However, these type of thin disk lasers generally have characteristically long cavity path 
lengths because multiple passes through the gain medium are required for the sought 
after high power output, again limiting the PRFs achievable.  
 
Employing a waveguide geometry provides an elegant solution to obtain the short 
cavities required to achieve GHz PRFs. This is because tight confinement achieved in 
the waveguide ensures good overlap between the pump and signal beams, this combined 
with a small laser mode area results in low lasing thresholds and high gain over short 
material lengths. The cavity mirrors can be aligned directly at the end facets of the 
waveguide resulting in cavity lengths as short as a few mm. Here we demonstrate a 
QML Ho:YAG waveguide laser in which the laser outputs passively modelocked short 
pulses under the envelope of a Q-switch. The advantages and disadvantages associated 
with this QML regime have been discussed in sub-section 4.3.2. QML has been 
demonstrated in the past from ~ 2 μm waveguide lasers modelocked with a bismuth 
telluride based SA [292] and also a Graphene based SA [266]. The SA which has been 
utilised here is a Saturable Output Coupler coated with a few layers of Graphene. Sub-
section 4.3.3 fully presents the application of Graphene as an SA, as a result of its 
characteristic low saturation fluence together with the waveguide cavity exploited, it has 
been placed directly at the end facet resulting in a cavity on the scale of a few mm and 






5.3.2 Fabrication of Graphene coated Saturable Output Coupler 
 
Graphene was coated onto a standard output coupler which is 80% reflective in the 
wavelength range from 1.7 to 2.7 μm, this results in a double pass of the 1908 nm pump 
signal as 80% of it is reflected back into the cavity. The deposition of the graphene was 
performed by our collaborators based at the AFRL in Ohio, USA. It was carried out via 
transfer from commercially available graphene coated copper foil. The graphene-Cu foil 
was also coated with a layer of PMMA; this is to prevent any graphene being removed 
in error during the process. The copper itself was dissolved in diluted ferric chloride and 
then the graphene/plastic was placed on to the mirror surface after being rinsed with 
methanol and water. Finally the plastic was dissolved with acetone. This resulted in the 
mirror being coated with multiple layers of graphene; typically less than 10 layers at 
any place on the surface. A detailed description of the process used to produce the 
GSOC is given in [293]. The nonlinear transmission of the GSOC has been measured 
with an optical parametric amplifier operated at 2.1 μm which generated 100 fs pulses at 
a PRF of 1 kHz. The GSOC was placed in the path of the incident beam and the 
nonlinear transmission was calculated through the measurement of the transmitted 






Figure 5.11. Graph of Nonlinear Transmission vs Pulse Fluence at 2.1 µm for 
80% Reflective Graphene coated Saturable Output coupler.  
 
From the fit applied to the data a value of the modulation depth of the GSOC is deduced 
to be ~ 6.6% and the nonsaturable loss is read from the graph as ~ 19.7%. The 
modulation depth is set by the thickness of the Graphene so can be controlled in this 
manner [195]. The nonsaturable loss value as read from the graph also accounts for the 
transmission of the output coupler and so it not an accurate representation of the 
nonsatruable losses of the Graphene coating itself. This is common to this type of 
Graphene coated SA mirror [265].   The GSOC has a measured saturation fluence of ~ 
8.6 μJcm-2, which is typically lower compared to typical SESAMs in this wavelength 
region which tend to have a saturation fluence of 10-100s of µJcm-2 [189, 284]. 
 
5.3.3 Q-switched Modelocked Ho:YAG Waveguide Laser  
 
The single mode waveguide presented in section 5.2 was used for this modelocking 
investigation. A very similar cavity to that in the CW characterisation was setup, the 
only difference being that the output coupler was replaced with the GSOC, maintaining 
the rather simple and compact nature of the resonator. A schematic diagram of it is 
shown in Figure 5.12. 
























Figure 5.12. Schematic diagram of Q-switched modelocked Ho:YAG waveguide 
laser setup. L1 and L2 are 40 mm and 50 mm focal length lenses respectively, 
both AR coated for 1.65 to 3 μm. IC is the input coupler, GSOC is the Graphene 
coated saturable output coupler and LP is a 2 µm long pass filter.  
 
As in the CW laser cavity, lenses L1 and L2 focus in the pump light and collimate the 
output respectively. The IC is the same as that utilised for the CW cavity, it is AR 
coated on the rear side for 1.7-2 μm, allowing for maximum coupling of pump light into 
the waveguides, and HR for 2.05-2.43 μm on the front side facing the Ho:YAG sample. 
The long pass filter, LP, filters out any unabsorbed pump light before measuring the 
laser output. As the GSOC was positioned very close to the output facet of the sample, 
care was taken to avoid contact with it, this is to minimise the cavity length whilst 
simultaneously protecting the graphene and the waveguides from damage. Precise 
alignment of the laser cavity, in particular the IC and the GSOC itself, resulted in pulsed 
operation of the Ho:YAG waveguide laser. 
 
The RF spectrum of the laser output was observed first and is shown in Figure 5.13. It 
was measured using a Newport 12.5 GHz InGaAs photodetector with a quoted high 
speed rise time of < 28 ps, the model number is 818-BB-50. This was connected to a 13 
GHz RF spectrum analyser, manufactured by Agilent with model number E4405B 
ESA-E. This graph indicated that there are pulses being emitted from the Ho:YAG laser 
with a PRF of about 5.860-5.865 GHz. With a cavity length of 14 mm and assuming a 
waveguide refractive index of 1.8, the theoretical value of the PRF of the cavity was 
calculated to be ~ 5.9 GHz, the experimentally measured value is thus in good 
agreement. As a number of peaks can be seen in the RF spectrum as opposed to one 
single narrow peak, this is the first indication that the laser is in the QML regime rather 
than the Continuous Wave modelocked regime. 
 
Collimated 
Pump @ 1.9 µm 








Figure 5.13. RF Spectrum of QML Ho:YAG waveguide laser; the graph has a 
span of 22 MHz and the measurement was taken  with a resolution bandwidth of 
1 kHz. 
 
Figure 5.14 plots the average output power against the pump power. As can be seen by 
the linear fit in this graph the QML laser slope efficiency is 6.8% and at the highest 
incident pump power of 2.45 W, the maximum average power emitted was 170 mW. At 
a pump power of 2.7 W, damage to the Graphene was observed and as a result the 
damage threshold is estimated to be 1.6 μJcm-2, the maximum pump power was 
therefore restricted to < 2.5 W to ensure the Graphene could not be damaged. There is a 
decrease in slope efficiency of around 3% when compared to the CW operation of this 
waveguide reported in section 5.2. This is most likely due to the extra loss incurred 
because of the gap between the GSOC and the waveguide output facet; it was found 
during CW investigations that the single mode waveguide produced the highest slope 
efficiencies when the cavity mirrors were as close to the sample as possible as this 
resulted in optimum alignment. 






















Figure 5.14. QML Ho:YAG waveguide laser average output power versus 
incident pump power, as in section 5.2. Fresnel reflections have been accounted 
for. 
 
The Q-switched envelope is shown in Figure 5.15 on a microsecond scale of 2.0 µs per 
division. The repetition rate of the Q-switch is ~ 1.04 MHz resulting in a pulse energy 
of 0.16 µJ associated with each Q-switch envelope. The train of modelocked pulses 
emitted within the Q-switch envelope are shown in Figure 5.16 on a scale of 0.1 ns per 
division. The frequency of the pulses viewed on the oscilloscope corresponds with the 
peak on the RF spectrum in Figure 5.13. The pulse trains of both the modelocked and 
Q-switched pulses have been recorded with the Newport high speed photodetector 
described above and a 23 GHz Tektronix MSO/DPO72304DX oscilloscope. 



























Figure 5.15. Oscilloscope trace of Q-switched pulse train emitted from QML 
Ho:YAG waveguide laser. 
 
Figure 5.16. Modelocked pulse train emitted from QML Ho:YAG waveguide 
laser. 











































The laser spectral output is shown in Figure 5.17 and was measured with a Thorlabs 
Optical Spectrum Analyser (OSA205) with a resolution of 0.1 nm. The spectrum is 
centred at approximately 2090.5 nm and has a FWHM bandwidth of ~ 0.8 nm. 
 
Figure 5.17. QML Ho:YAG waveguide laser spectral output. 
 
The emission of both the pulses and Q-switch was found to be particularly stable at low 
powers for several hours, but if operated at high pump power > 2 W for more than ~ 30 
minutes the laser became unstable with rapidly changing peak power, or in some cases 
it ceased to pulse at all. This is indicative of both; thermal issues due to heat 
accumulating inside the cavity and possible damage to the graphene itself after being 
irradiated for an extended time period. This suggests that the water cooling setup 
employed is not sufficient to dissipate the heat efficiently in the crystal for the higher 
pump power values. More effective cooling could be explored, for example; the sample 
mount could be redesigned to simply bring the flow of the coolant closer to the sample. 
However, it would be more beneficial to design the mount such that it surrounds the 
sample and provides 360º cooling rather than just underneath it, but this is challenging 
to implement in such a compact cavity. Another suggestion could be to investigate the 
use of Peltier cooling. 
 




























The QML regime behaviour observed from the laser can be verified using the stability 
criterion presented in sub-section 4.3.2. Equation (10) calculates an estimation of the 
intracavity pulse energy required to escape from the regime of Q-switching instabilities. 
The value of the critical pulse energy required to operate in the pure CW modelocked 
regime was estimated using the following procedure.  
 
Equation (11) returns a value of Esat, L = 1.24×10
-5 J for the Ho:YAG material saturation 
fluence. In this estimation the emission and absorption cross section of this material at 
the signal wavelength are ~ 1.0×10-24 m2 and 2.0×10-25 m2  respectively, which are taken 
from [294]. The effective laser mode area is ~ 3.14×10-10 m. This value is calculated 
from the mode field diameter of the beam propagating in the waveguide which is 
estimated as ~ 20 µm from Figure 5.7. The GSOC saturation energy is calculated by 
equation (13) to be Esat, A  = 2.70×10
-11 J. This is estimated using the measured saturation 
fluence of 8.6 µJcm-2 and assuming that the incident effective mode area is unchanged 
as it emerges from the waveguide. Although, in reality, the beam will diverge in the 
small distance between the end facet and the GSOC, this distance is very small so this 
assumption is justified for the purpose of this estimation. Finally the modulation depth 
was measured to be 6.6%.  
 
Using these parameters, equation (10) estimates a value for the critical pulse energy      
EP,c ≈ 4.70×10-9 J. This is an order of magnitude greater than the maximum intracavity 
pulse energy EP of the Ho:YAG waveguide laser which is calculated to be                           
≈ 1.45×10-10 J using equation (14) implying the average output power capability of the 
laser would have to be some 30 × greater to escape the QML regime. This is in 
agreement with the experimental results as the laser output is well within the QML 
instabilities limit. For applications which would require the laser to be CW modelocked, 
strategies to cross the instability threshold include utilising a GSOC with a higher 
reflectivity value to increase the intracavity power attainable and also with a lower 
modulation depth to reduce the critical pulse energy value. Furthermore, a smaller 
diameter waveguide would in effect reduce the Esat,A and Esat,L parameters therefore also 
leading to a reduction in EP,c. However, smaller waveguides tend to have higher 
associated propagation losses limiting the laser output power. In addition to this, 
thermal issues are encountered at much lower incident pump powers when utilising high 
reflectivity output couplers, therefore an optimum regime would have to be identified 
for the collective parameters.   
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To summarise, with careful tailoring of the both the ULI fabrication and GSOC 
parameters, the laser performance could be significantly improved to allow the cavity to 
reach the intracavity energies necessary to operate in the stable CW modelocked 
regime, whilst retaining the high PRF of the output. 
 
It should be noted at this point that attempts were made to obtain a measurement of the 
pulse duration with a interferometric autocorrelation arrangement. Unfortunately, at this 
time it was not possible due to damage that occurred to the Graphene during this 
experiment. The results presented here so far do indicate that the laser is Q-switch 
modelocking, however, further testing is required to confirm the modelocking. 




5.4 Summary  
 
ULI has been utilised to fabricate several depressed cladding waveguide structures in a 
Ho:YAG crystal. The optimum parameters for inscription of a low loss single transverse 
propagating mode were identified. This waveguide was subsequently pumped in a 
waveguide laser resonator arrangement. The pump source was a CW 1908 nm Tm:fibre 
laser which was operated with circular polarisation and a maximum available power of 
12 W. The CW Ho:YAG waveguide laser performance was fully characterised in terms 
of output power, spectral output and output mode quality. Four different output couplers 
where utilised in the power characterisation with reflectivity values ranging from 60-
97% at ~ 2.1 µm; the emission wavelength of Ho:YAG. A maximum laser output power 
of ~ 1.78 W and slope efficiency of 16% was observed with the 70% R OC. A Caird 
analysis was performed estimating a value for the waveguide propagation loss of 1.02 
dBcm-1. The emission wavelength of the laser was centred at ~ 2090 nm for the lower 
reflectivity OCs and red shifted to 2091 nm for the 97% R OC as a consequence of the 
combined effects of the different coating of this mirror and the reabsorption effects 
which determine the inversion ratio dependent gain spectrum. The quality of the output 
laser mode was quantified by measuring the M2 parameter in the horizontal and vertical 
dimensions as 1.48 and 1.75 respectively. Hence, it was concluded that this waveguide 
was sufficiently single mode to be utilised in modelocking investigations. Power scaling 
experiments of the ULI Ho:YAG waveguide laser were performed concurrently by our 
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colleagues based at the AFRL in Ohio, US. The result was a laser with a slightly higher 
output power of ~ 1.9 W and slope efficiency of 29%. However the output mode profile 
was multimode with an M2 parameter of 4.88, therefore not suitable for modelocking. 
The CW single and multimode waveguide laser results were published in Applied 
Optics [282]. 
 
The single mode waveguide laser was then investigated for the generation of pulsed 
laser emission resulting in the first multi-GHz demonstration of a Ho:YAG laser. A thin 
film of Graphene coated onto a standard reflective output coupler (GSOC) replaced the 
regular OC in the waveguide cavity. The saturable absorption parameters associated 
with the GSOC were characterised by measurement of its nonlinear transmission vs 
incident pump fluence at 2.1 µm. With precise alignment of the laser cavity Q-switched 
modelocked behaviour was observed. This means that modelocked pulses were emitted 
under a Q-switch envelope. The short length of the resonator, 14 mm, ensured a multi-
Ghz PRF of 5.9 GHz. The Q-switch operated with repetition rate of 1.04 MHz resulting 
in an associated energy of 0.16 µJ. The average output power from the QML laser was 
170 mW measured at 2.5 W of incident pump power which was limited to this value to 
protect the graphene from damage. It has been presented that although the observed 
QML behaviour can be advantageous, in particular for subsequent amplification, in 
most cases it is undesirable. The QML behaviour has been verified with a stability 
criterion; the intracavity pulse energy required to operate in the pure CW modelocked 
regime was calculated to be an order of magnitude higher than that attainable by the 
Ho:YAG waveguide laser for the current conditions. Various methods which could 
result in operation in the CW modelocked regime have been discussed so that the full 
potential of this waveguide laser can be exploited. The results in this chapter have been 








Transition metal doped II-VI semiconductors were introduced as active gain media in 
the mid-90s [24], since then they have become arguably the most favoured emission 
sources in not only the mid-IR, but also at longer wavelengths into the far-IR spectral 
region. This is because they provide a means to directly stimulate emission at 
wavelengths spanning 1.8-6 µm in the form of a compact solid-state laser source. 
Previously, emission in this spectral region tended to be dominated by rather bulky and 
complex, gas lasers as well as OPO setups based on down conversion of a near IR solid-
state laser source. TM:II-VI lasers largely replaced these generation methods [21]. 
Despite laser diodes and QCLs also finding some success in this market [17, 18], they 
tend to be limited to small emission ranges compared to very broad bandwidths which 
are typical of TM:II-VI lasers. This is particularly advantageous for sensing applications 
as a broad tuneable source is suitable for detection of multiple substances compared to 
the use of many separate sources. The capability of these sources to generate ultrafast 
pulses is also very important as these are vital for wide-span, high powered mid-IR 
frequency combs which are ideal for use in the fingerprint molecular region [296]. In 
addition to this ultrafast, few cycle, mid-IR lasers find use in other applications 
including for example high harmonic/X-ray generation and high-precision material 
processing of semiconductors [285, 297-299]. 
 
Common examples of the type of II-VI semiconductors used as hosts for TM dopants 
for mid-IR emission include ZnSe, ZnS, CdMnTe and CdSe [24, 25]. These media are 
ideal as a choice for a host material due to their low phonon energy, wide band-gap, 
broad transmission range and a crystal structure which is readily acceptant of TM 
dopant ions [300]. The TMs are elements which lie on the periodic table between 
Scandium and Zinc. They are defined as having a partially filled d orbital. When doped 
into a crystal, the resultant spectral emissions are extremely sensitive to the local field 
of that host crystal. This sensitivity is a consequence of electron-phonon interactions. 
These interactions can occur because the outer 3d-electrons are unshielded permitting 
them to couple strongly to surrounding phonons. This leads to 3d-3d absorption and 
emission bands which are the transitions laser action is based on, the typical energy 
level diagram of such a crystal structure can be seen in Figure 6.1b). The strong 
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electron-phonon coupling also leads to the TM ions experiencing vibronic broadening 
of the energy transitions; the resultant broad emission bandwidths, often spanning 10s to 
100s of nm, are characteristic of TM doped laser sources [301]. The most common 
example of such a broad emission profile from a TM doped solid-state laser is 
Ti:sapphire which has emission spanning ~ 680-1100 nm [302]. In the case of RE doped 
media, which chapters 3 and 5 of this thesis are centred on, the situation is different. 
The difference between TM and RE doped laser energy level transitions is highlighted 
in Figure 6.1. 
 
 
Figure 6.1. Energy level diagrams displaying the laser transitions in a) rare-
earth and b) transition metal doped solid-state gain media. The electron-
phonon coupling in b) is much stronger compared to a) leading to the broad 
emission profiles typical of TM lasers. Diagram has been reproduced from 
[301]. 
 
In RE doped solid-state media, shown in Figure 6.1 a) the 4d, 5s, 5p and 6s shells 
effectively shield the valence electrons which become excited into the 4f or 5d shells 
during the stimulated emission process, as a result the phonon coupling they experience 
is very weak relative to the case of TM ions. 
 
 When TMs are doped into the tetrahedral crystal field of an II-VI semiconductor such 
as ZnSe, the 5D ground state of the dopant ion is split into a triplet 5T2 level and a 
doublet 5E level by crystal-field splitting. It is between these two vibronically broadened 
levels in which absorption/emission transitions are allowed leading to laser action, 
whereas transitions to higher levels are spin forbidden resulting in high gain with zero 
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ESA [303]. The broad emission profiles are not only due to the vibronic broadening, 
there is also a contribution from the Jahn-Teller effect [300]. This causes further 
splitting of the two electronic energy levels originating from a distortion of the crystal. 
The distortion itself occurs because the degenerate electronic ground state is unstable, 
hence the system seeks to remove the degeneracy by splitting into separate energy 
levels and forming a lower energy system. The full implications of the Jahn-Teller 
effect on TM:II-VI lasers are not fully agreed on within this field of research, but it is 
widely accepted that it does contribute to the broadening of energy transitions. More 
information on the Jahn-Teller effect on TM:II-VI media can be found in [304-306]. 
The combined effect of the vibronic broadening and Jahn-Teller effects discussed result 
in an approximate four level laser system [307].  
 
The most well-known and commonly used combinations for laser emission in the mid-
IR are ZnSe and ZnS doped with Fe2+ and Cr2+. For simplicity these combinations are 
here on referred to as Cr:ZnSe and Cr:ZnS, as well as for Fe. Although Fe:ZnSe and 
Fe:ZnS are extremely useful for tuneable emission in the 3.4-5.2 µm range, to exploit 
this potential as a CW source it is necessary to cool the crystal down to ~ 150 K, 
otherwise they can operate as pulsed ns sources at room temperature [308]. As 
extensively covered in Section 5.1, cooling to such temperatures is disadvantageous as it 
adds considerable cost whilst also complicating the system. On the other hand Cr:ZnSe 
and Cr:ZnS have demonstrated excellent room temperature performance from CW to 
the fs regime. Furthermore, they have shown impressive tuneable performance spanning 
the range of 1973-3349 nm and 1962-3195 nm respectively [29]. The absorption and 





Figure 6.2. Curves i) and iii) represent the absorption and emission cross 
sections respectively in Cr:ZnS. Similarly ii) and iv) represent those in Cr:ZnSe. 
Diagram has been reproduced from [307]. 
 
This figure effectively demonstrates the broad emission/absorption profiles typical of 
TM:II-VI media which are due to both vibronic broadening and the Jahn-Teller effects 
previously discussed. The energy level splitting attributed to the Jahn-Teller effect in 
various Cr doped II-VI compounds has been investigated in [305]. The authors present 
that the ground state laser level 5T2 is split by ~ 340 cm
-1  and 300 cm-1 whereas the 
excited laser level 5E is split to a lesser extent by ~ 40 cm-1 and 60 cm-1 in Cr:ZnSe and 
Cr:ZnS respectively. It can be seen from the absorption bands in Figure 6.2, for 
emission in the mid-IR these materials can be pumped with sources ranging ~ 1.4 – 2.1 
µm. Therefore they are most commonly pumped with commercially available ~ 1.9 µm 
and ~ 1.5 µm Tm and Er fibre lasers, diode pumping has also shown success but these 
tend to have lesser beam quality limiting the efficiency in comparison [309, 310].  
 
Despite the wide availability of suitable high powered pump sources, until fairly 
recently power scaling efforts were hampered by strong thermal lensing due to the large 
thermo-optic coefficients associated with ZnS/ZnSe. The origin of the thermal lensing 
issues will be detailed later in this section. However, a novel technique of scanning the 
coaxial laser mode and pump beam across the laser crystal at high speed has allowed for 
the demonstration of 140 W of CW output power with an optical efficiency of 62% 
from a Cr:ZnSe crystal [30]. ULI waveguides have also been exploited to mitigate the 
thermal lensing issue. Depressed cladding waveguide structures have been inscribed in 
both Cr:ZnSe and Cr:ZnS which have led to extremely compact, robust room 
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temperature waveguide laser sources with CW output powers up to 5.1 W [38] and 101 
mW [264] respectively, where the latter was limited only by the available pump power. 
Cr:ZnSe waveguide lasers have also shown continual tunability from 2080-2883 nm 
[271], the broadest range to date demonstrated by a waveguide laser.  
 
With regards to emission in the modelocked regime, the broadband spectral emission 
capability of Cr:ZnSe/ZnS has led to these crystals being considered as the “Ti:sapphire 
of the mid-infrared” [308]. Ti:sapphire has demonstrated the emission of pulses with 
durations as short as 5 fs [54], similarly should the entire bandwidth of Cr:ZnSe be used 
to emit modelocked pulses, there is the potential for the generation of only 6 fs sech2  
profile pulses. To date, no one has reported modelocking of the full bandwidth of either 
crystal but various SA’s and modelocking techniques have been successfully 
implemented with these materials to result in ultrafast pulses. The first modelocked 
demonstration from these materials was reported in 2000 utilising an AOM to modelock 
a Cr:ZnSe crystal resulting in  4.4 ps pulses [311]. A summary of some of the most 
notable results obtained since then in Cr:ZnSe/ZnS media with the different 

















Reference  Year 
reported 
Cr:ZnSe   
AOM 4.4 ps 81 MHz none  82 mW [311] 2000 
SESAM 11 ps 100 MHz none 400 mW [312] 2005 
SESAM 100 fs 200 MHz Sapphire 
window 
75 mW [190] 2006 
SESAM 80 fs 180 MHz  Chirped 
mirrors 
80 mW [225] 2007 
Kerr-lens 100 fs 100 MHz YAG window 300 mW [313] 2009 
Graphene 
based SA 





116 fs 99 MHz CaF prism pair  66 mW [314] 2014 
Kerr-lens 43 fs 83 MHz Dispersive 
mirrors** 
250 mW [213] 2014 









Kerr-lens 45 fs 65 MHz Dispersive 
mirror** and 
sapphire plate 







Cr:ZnS   
Graphene 
based SA 
41 fs 240 MHz Chirped mirror 
and YAG 
wedge pair 
75 mW [315] 2014 









Kerr-lens 41 fs 79 MHz Dispersive 
mirrors ** 
1.9 W [316] 2015 
Kerr-lens 50 fs* 1.2 GHz Dispersive 
mirrors** 
120 mW [210] 2016 
* estimated pulse duration , no temporal measurement made 
** dispersive mirrors is listed when the technology employed to control the dispersion value 
of the mirror has not been specified  
Table 6.1. A table summarising notable results in the modelocking of 
Cr:ZnSe/ZnS  lasers with different modelocking mechanisms and dispersion 
compensation methods. 
 
It is apparent from Table 6.1 that KLM coupled with optimum GDD compensation has 
led to generation of the shortest pulses. Until this work, the shortest pulses emitted from 
Cr:ZnSe were in the range 43-47 fs as reported in [208, 213, 214], whereas in Cr:ZnS a 
shorter pulse duration of ~ 29 fs has been demonstrated [212]. Both these resonators 
utilise KLM as the choice of SA and dispersive/chirped mirrors for GDD compensation. 
With regards to repetition rate, no GHz fs sources have been reported in Cr:ZnSe, the 
highest PRFs demonstrated are ~ 300 MHz and the pulse width tends to increase at 
higher PRFs as demonstrated by Yang et al. [208]. However PRFs of up to ~ 1.2 GHz 
have recently been observed from a Cr:ZnS oscillator with an estimated pulse duration 
of 50 fs [210] showing the potential for high PRF fs pulse generation in these materials. 
KLM has also facilitated improvements in the average output power with up to ~ 2 W 
demonstrated from Cr:ZnS  [307, 316] and up to ~ 0.5 W from Cr:ZnSe [214], whereas 
this tends to be limited to ~ 100 mW when physical SAs such as Graphene or SESAMs 
are utilised.  This is not unexpected as, theoretically, Cr:ZnS is favourable for high 
powered emission compared to Cr:ZnSe owing to its superior thermal properties. Both 
ZnSe and ZnS have relatively high thermo-optic coefficients of 70 × 10-6 K-1 and 46 × 
10-6 K-1 respectively, compared to, for example, 7.3× 10-6 K-1 in YAG. This leads to 
significant thermal lensing effects detrimental to laser cavity power scaling efforts. 
However, ZnS has a higher thermal conductivity of 0.27 Wcm-1K-1 compared to 0.18 
Wcm-1K-1 in ZnSe therefore is able to distribute heat more efficiently away from the 
laser mode which forms the thermal lens within the laser crystal. This, together with the 
smaller thermo-optic coefficient value in ZnS, reduces the impact of any thermal 
lensing instability thus this host is preferential for high power emission. ZnS is also 
more suitable for power scaling due to its higher damage threshold of 1.5 Jcm-2 
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compared to 0.5 Jcm-2 in ZnSe.  The differences in the material properties important for 
lasing in each host crystal are summarised in Table 6.2. 
 
Material Parameter  ZnSe ZnS 
Transparency range  0.5 – 20 µm 0.4 – 14 µm 
Emission bandwidth (FWHM) 
doped with Cr (see Figure 6.2) 
2.0 – 2.8 µm 
 
1.9 – 2.7 µm 
Refractive index at 2.4 µm 2.45 2.27 
Thermal conductivity  0.18 Wcm-1K-1 0.27 Wcm-1K-1 
Thermal expansion 7.3 ×10-6 K-1 3.4 × 10-6 K-1 
Thermo-optic coefficient (dn/dT) 70 × 10-6 K-1 46 × 10-6 K-1 
Damage threshold 0.5 Jcm-2 [317] 1.5 Jcm-2 [317] 
Table 6.2. Material properties of ZnSe and ZnS laser crystals. Parameters 
gathered from [32]unless otherwise indicated.  
 
A potential advantage that Cr:ZnSe holds over Cr:ZnS is that it emits ~ 100 nm further 
into the mid-IR which can be beneficial dependent on the specific application. In 
addition, Cr:ZnSe has a longer upper laser lifetime at room temperature, this is 
potentially beneficial for superior laser performance at room temperature but this is also 
dependent on a range of other factors in the set-up. This is demonstrated in Figure 6.3 in 
which the temperature dependence of the lifetime for each crystal is shown, a curve for 
Ti:sapphire is also included for reference.  
 
 
Figure 6.3. Temperature dependence upper state lifetime as a function of 




Cr:ZnS sees a 20% reduction in its lifetime at room temperature ~ 300 K and as a result 
exhibits a lower lifetime of 4.7 µs compared to 5.4 µs in Cr:ZnSe – this may lead to 
lower lasing thresholds for Cr:ZnSe [299]. Furthermore, the fast lifetime drop of Cr:ZnS 
beyond 300 K can present a challenge for laser operation in the event of high thermal 
loads. However, the success of Ti:sapphire as a laser crystal has not been hampered by 
having a similar drop of rate implying this should not significantly limit the 
performance of Cr:ZnS.  
 
Despite Cr:ZnS exhibiting many favourable mechanical material properties over 
Cr:ZnSe, it can been seen from Table 6.1 and the literature that the majority of 
modelocking and CW investigations have been carried out in Cr:ZnSe. This is due to 
the fact that until the last decade or so, it has been difficult to fabricate low optical loss 
ZnS crystals doped with Cr [318]. This justifies why much of the research output was 
concentrated on Cr:ZnSe until the methods of fabricating improved quality Cr:ZnS were 
developed through the thermal diffusion of Cr ions into already grown high quality 
polycrystalline ZnS [308]. It is worth noting here that both Cr:ZnSe and Cr:ZnS are 
available in both single crystal and polycrystalline form, however the fabrication of high 
optical quality crystals with sufficient doping levels for lasing applications is difficult to 
achieve. In comparison, post-growth thermal diffusion doping of polycrystalline media 
has led to the ability to produce low loss, high quality, highly and uniformly doped II-
VI semiconductor based laser gain media on a commercial scale [308]. As a 
consequence, the bulk of the laser application investigations in Cr:ZnSe and Cr:ZnS , 
have been carried out in polycrystalline materials, thus the samples utilized in all 
experiments presented in this Chapter are all polycrystalline. The advantages and 
disadvantages of both Cr:ZnS and Cr:ZnSe have been discussed here at length. It is 
therefore concluded at this point that it is necessary to continue research and 
development into both in order to fully exploit the favourable parameters of each 
crystal.  
 
As ULI has facilitated the development of robust, efficient and extremely compact 
Cr:ZnSe laser sources which effectively eliminate thermal lensing effects, these may 
provide an ideal method of achieving a GHz modelocked source. Experiments exploring 
the use of a commercial SESAM in combination with a single mode depressed cladding 
Cr:ZnSe waveguide laser have been performed by a previous member of the NLO group 
in [271] and also partly presented by colleagues from the AFRL in [319]. The authors 
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claimed at this time that the waveguide laser emitted ~ 1.5 ps pulses at a PRF of 960 
MHz and ~ 0.6 ps pulses at the reduced PRF of 308 MHz.  The autocorrelation trace 
and corresponding wavelength spectrum obtained for the two different PRFs are shown 




Figure 6.4. a) Autcorrelation trace and b) Wavelength spectrum obtained from 
SESAM modelocked Cr:ZnSe ULI waveguide laser at 308 MHz. a) measures a 
pulse duration of 0.6 ps. Graphs have been reproduced from [319]. 
 
 
Figure 6.5. a) Autcorrelation trace and b) Wavelength spectrum obtained from 
SESAM modelocked Cr:ZnSe ULI waveguide laser at 960 MHz. a) measures a 
pulse duration of 1.5 ps. Graphs have been reproduced from [271]. 
 
It can be clearly seen from Figures 6.4 a) and 6.5 a) that in both cases the 
autocorrelations traces presented do not exhibit the 8:1 peak to wing ratio required as 

























Delay (fs) a) b) 
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not common to standard autocorrelation traces. This explained by the suggestion of 
interference of the two different emission bands which appear in the corresponding 
wavelength spectrum in Figure 6.5 b). Although these results are indicative of mode 
beating occurring in the cavity, further investigations are required to clarify if the laser 
is indeed operating in the CW modelocked regime and why the pulse measurements do 
not have the correct ratio.  
 
Simultaneous to this work, our colleagues at the AFRL also reported significant results 
concerning the use of Hot Isostatic Pressing Treatment on TM:II-VI materials [320]. 
This paper presents results of utilising HIP for both the actual diffusion of the TMs into 
the host and as a post dopant treatment to an already diffusion doped sample. In both 
cases the result is that the laser spectral linewidth in a bulk resonator is reduced from 
spanning typically 10s of nm to sub-nm levels, this will be explained more fully in 
section 6.2. Consequently, efforts were aimed at inscribing ULI waveguides in HIP 
treated Cr:ZnSe and utilising a SESAM to compare results to the untreated material 
with the aim of developing a high PRF source. However, it was found that the 
waveguide inscription parameters for the untreated material resulted in high loss 
waveguides in HIP treated material. Therefore investigations into identifying the 
optimum parameters are ongoing. As a consequence of this, and also the recent results 
exploiting KLM in Cr:ZnSe shown in Table 6.1, we postulated that investigating the use 
of bulk HIP treated Cr:ZnSe with KLM would be useful to assess its performance for 
the generation of fs pulses compared to untreated bulk Cr:ZnSe. Hence this could 
enhance understanding of the full effect of the HIP treatment. The next two sections will 




6.2 CW Operation of HIP treated Cr:ZnSe laser  
 
HIP is a material treatment process in which both high temperature and pressure, 
typically > 100 MPa and 500ºC respectively, are applied concurrently to a material in a 
container designed to withstand such conditions [321]. In general, HIP treatment has 
been used to improve the mechanical properties of metal based materials for 
applications such as upgrading castings and consolidating powders [320, 321]. 
However, it has also found use in some optical applications for the manufacture and 
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preparation of ceramic laser crystals [322]. Specifically for the case of materials used in 
TM:II-VI semiconductors, HIP treatment has previously been shown to grow the grain 
sizes in undoped ZnSe [323] and latterly it was shown that it can also remove defects in 
Cr:ZnSe [324]. Most recently, Stites et al. published a report in which they describe the 
process of utilising HIP treatment to force-diffuse Cr ions which were sputtered on to a 
ZnSe host surface [320]. The samples were held in argon gas at 1050°C at 30,000 PSI 
for two hours. This ultimately results in extremely narrow, < 140 pm, linewidth laser 
output from a standard z-fold bulk laser cavity. They also demonstrate that the narrow 
linewidth occurs when a commercially bought sample of Cr:ZnSe is HIP treated, 
proposing that the reason for the spectral narrowing is that the HIP treatment converts 
inhomogeneously broadened material to homogeneously broadened material. The 
treatment causes this conversion by acting to remove crystalline defect centres and 
growing the grain size thus reducing the number of grain boundaries in the crystal. 
These are believed to be the sources of strong inhomogeneous broadening exhibited in 
commercially available untreated polycrystalline Cr:ZnSe [320]. The effect has also 
been demonstrated in a Fe:ZnSe bulk laser [325].  
 
The modelocking investigation which is presented in section 6.3 has been carried out in 
collaboration with colleagues based in Politecnico di Milano. Prior to these 
experiments, a preliminary CW characterisation of a HIP treated Cr:ZnSe crystal was 
carried out in our labs at HWU where we have a 1.9 µm Thulium doped fibre pump 
laser. The results of this initial CW investigation will be presented first. 
 
6.2.1 HIP Treated Cr:ZnSe Laser pumped at 1.9 µm 
 
The Cr:ZnSe sample utilised in this experiment had dimensions 3 × 6 × 7 mm and a 
dopant concentration of 6.05 × 1018 cm-3. The sample was fabricated by IPG photonics 
and subsequently treated with HIP. The HIP process is as follows: the sample was 
sealed within a chamber designed to withstand high temperatures and pressure, 
subsequently the temperature and pressure were raised over the course of two hours to 
values of 1050ºC and 30,000 PSI respectively. Inert argon gas was used as a buffer for 
the isostatic process.  The samples were then held at these temperature and pressure for 
two hours before temperature reduction and gas ventilation over an additional two 
hours. The laser setup implemented was that of a standard linear z-fold bulk laser cavity 




Figure 6.6. Schematic diagram of CW HIP Cr:ZnSe bulk laser pumped at 1.9 
µm. L is a plano-convex 10 cm focal lens AR coated at 1.65 – 3 µm. CM1 and 
CM2 are plano-concave curved mirrors with 50 mm ROC and HR on the 
concave face for 2.3 – 2.8 µm, PM is a plane mirror HR for 2 – 3 µm and 80 % 
R OC is an output coupler which is  80% reflective for 1.7 – 2.7 µm 
 
The sample was placed at Brewster’s angle at the focus between the plano-concave 
mirrors; CM1 and CM2, propagation occurred through the 7 mm length in order to 
maximise the gain. CM1 and CM2 set cavity folding angles of ~ 22º as this was the 
experimentally estimated angle which optimally compensated for the astigmatism 
imposed on the cavity by the Brewster angled faces of the crystal.   The pump source is 
the same as that used in chapter 5; a 20W linearly polarised Tm:fibre laser operating at 
1908 nm. The pump entered the cavity through the rear face of the CM1 and was 
focused into the laser crystal by the lens, L. The distance between both CM2→OC and 
CM1→PM is 12.5 cm, this distance arbitrarily chosen in this initial lasing attempt.  The 
output coupler utilized was 80% reflective for 1.7 – 2.7 µm.  
 
A graph of the HIP Cr:ZnSe bulk laser output power versus incident pump power is 
given in Figure 6.7. The power values were measured with the Spectra-Physics thermal 















Figure 6.7. Graph of incident pump power versus output power of CW HIP 
treated Cr:ZnSe laser with an 80% R OC pumped at 1.9 µm. The inset image 
shows the far field output mode image in a 300 × 250 µm image.  
 
The maximum output power observed was 1.83 W when pumped with 6.4 W, for output 
powers greater than this thermal rollover was observed as can be seen in Figure 6.7. 
There was no active cooling in place for the sample in the setup therefore, the addition 
of some cooling could improve the performance at higher pump powers > 6.4 W. 
Neglecting the last 5 data points in the region of thermal rollover, the laser has a slope 
efficiency of  ~ 35.5% and lasing threshold of  399 mW. The inset image shows the far 
field output mode image which was observed with the FLIR SC7000 mid-IR camera to 
monitor the astigmatism imposed by the Brewster faces of the crystal. Note the vertical 
lines seen on the image are due to a stack of neutral density filters placed in the beam 
path to protect the camera detector from damage.  
 
The spectral output of the HIP Cr:ZnSe laser was characterized with a Thorlabs OSA 
(OSA205) which has wavelength range: 1 – 5.6 µm and a resolution of 140 pm at the 
signal wavelength. The spectrum observed from the HIP Cr:ZnSe bulk laser can be seen 
in Figure 6.8, this spectrum was observed for a laser output power of 0.99 W when 
pumped with 3 W. 
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Figure 6.8. Normalised wavelength spectrum emitted by HIP treated 
Cr:ZnSe laser pumped with 1.9 µm. The measurement was taken at a 
pump power of 3 W and laser output power of 0.99 W.   
 
The spectrum in Figure 6.8 is centred at ~ 2760.3 nm and has a FWHM linewidth of 
140 pm limited by the resolution of the OSA. This linewidth is significantly narrower 
than the typical bandwidth emitted from free running Cr:ZnSe lasers reported in the 
literature. An example of the spectral emission from such a free running untreated 
Cr:ZnSe laser is shown in Figure 6.9. It has a FWHM linewidth spanning ~ 20 nm, thus 
proving the HIP treatment has significantly narrowed the spectral emission as expected 







































Figure 6.9. Broad spectral emission of a typical free running Cr:ZnSe bulk 
laser. Graph reproduced from [320]. 
 
This preliminary experiment confirmed that the HIP treatment had converted our 
sample from an inhomogenously to homogeneously broadened crystal. The next step of 
the work was to investigate HIP treated Cr:ZnSe for modelocking. This modelocking 
investigation which is presented in section 6.3 was carried out at our collaborators lab in 
Politecnico di Milano. In this lab the pump source available was a 1.57 µm Erbium 
doped fibre laser therefore the sample utilised for modelocking was initially 
characterised for CW operation with this pump. These results are presented in the 
following sub-section. 
 
6.2.2 HIP treated Cr:ZnSe Laser pumped at 1.57 µm 
 
The Cr:ZnSe sample to be investigated for modelocking had dimensions 2 × 3 × 7 mm  
with a dopant concentration of 1.05 × 1019 cm-3, it was fabricated by IPG photonics then 
subsequently treated with HIP.  The HIP Cr:ZnSe crystal was utilised in the linear  x-
fold bulk laser cavity shown in Figure 6.10. This x-shape was chosen over the z-shape 
utilised in the previous sub-section due to space constraints of the curved mirror 
mounts. For modelocking, the ultimate aim is to generate high PRFs thus we sought to 
minimise the cavity length by employing smaller focal length curved mirrors. The 
mounts would only fit to correctly compensate the astigmatism by using an x-fold 

























Figure 6.10. Schematic diagram of bulk laser cavity configuration for CW 
characterisation of HIP treated Cr:ZnSe pumped at 1.57 µm. L is a 50 mm focal 
length plano-convex lens AR coated for 1050 – 1700 nm, PM is a plane mirror 
which is HR for 2.3 – 2.6 µm and OC is the output coupler. CM1 and CM2 are 
plano-concave mirrors with ROCs of 30 and 50 mm respectively, both are HR 
for the signal wavelength.  
 
The pump source in this case is a linearly polarised CW Er:fibre laser (IPG Photonics, 
ELR-LP-20), with maximum output power availability of 5.5 W. CM1 is a plano-
concave mirror with a 30 mm radius of curvature (ROC) HR, > 99.5%, coated for the 
range 2.3 – 2.6 µm. CM2 is also a plano-concave mirror but has an ROC of 50 mm and 
is HR, > 99% from 2.3-2.8 µm. PM represents a plane mirror HR, >99.5%, for 2.3 – 2.6 
µm and OC represents the output coupler. The sample is again placed at Brewster’s 
angle relative to the input pump beam, at the point of focus between the plano-concave 
mirrors and the pump beam is focused into the crystal through CM1 with lens L. CM1 
and CM2 set folding angles of 17º in both arms of the cavity, which is the angle 
calculated by numerical simulations, based on ABCD matrices, to compensate for 
astigmatism imposed on the cavity by the Brewster-angled surfaces of the crystal. The 
distance between CM2 →PM is 31 cm and from CM1→OC is 50 cm resulting in a total 
cavity length of approximately 85 cm. CM1 is not optimised for transmission of the 
pump wavelength through the rear face and allows transmission of 74%. This has been 
accounted for in the incident pump power levels quoted in the results. Propagation 
occurs through the 3 mm length of the crystal which was not actively cooled in this CW 
characterisation, therefore the pump power was limited to < 1 W to reduce any 
detrimental thermal effects on the laser performance. We characterised the power 
performance of the laser with two different output couplers: one coated for 97% 
reflectivity at 2.05 – 2.43 µm (97% R OC) and one for 80% reflectivity for 1.7 – 2.7 µm 
(80% R OC). The CW laser output power versus the incident pump power for both OCs 
L 
Er:fibre pump 










is displayed in Figure 6.11. Both were measured after propagation through a 2 µm long 
pass filter using a Thorlabs thermal power sensor with model number S401C, designed 
for detection in the wavelength range 0.2 – 10.6 µm. 
 
Figure 6.11. Graph of incident pump power versus output power of CW HIP 
treated Cr:ZnSe laser for 80% and 97% reflectivity output couplers.  
 
With the 80% R OC the maximum output power was 208 mW measured for a pump 
power of 817 mW, the slope efficiency was 32% and the threshold was 177 mW. For 
the 97% R OC the laser threshold was 108 mW and the slope efficiency was 24%. The 
maximum output power obtained in this case was 139 mW for a pump power of 702 
mW, it was decided not to increase pump power beyond this due to the lack of active 
cooling and increased intracavity power with this output coupler.  
 
The wavelength spectrum emitted by the HIP Cr:ZnSe laser was measured with an 
extended InGaAs array near-IR spectrometer operating in the wavelength range from 
0.9 – 2.55 µm, it was manufactured by Ocean Optics Inc. with model number 
NIRQuest512-2.5. The normalised wavelength spectra measured with both output 
couplers are shown in Figure 6.12. 
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Figure 6.12. Normalised intensity wavelength spectra of HIP treated Cr:ZnSe 
laser pumped at 1.57 µm for 80% and 97% reflectivity output couplers. 
 
As can be seen in Figure 6.12, the emission spectrum of the 97% R OC is centred at ~ 
2488 nm, longer in comparison to the spectrum obtained with the 80% R OC which is 
centred at ~ 2436 nm. This shift may be due to the peak reflectivity being different for 
each of the coatings on the output couplers. It may also have a contribution due to the 
absorption of the Cr:ZnSe which extends into the emission cross section as can be seen 
in Figure 6.2.  This means that for the higher R OC, the population inversion is lower 
and the peak gain wavelength is longer than the peak of the emission cross section. For 
the lower reflectivity OC, the ground state is less populated and thus the absorption is 
less, the peak gain wavelength is therefore closer to the peak of the emission cross 
section. The FWHM linewidth of the spectra are both ~ 14 nm which is considerably 
narrower than the typical bandwidth emitted from a free running Cr:ZnSe laser shown 
in Figure 6.9. In this case the measured spectra of the HIP treated sample are limited by 
the 7 nm resolution of the near-IR Spectrometer, it is expected that the true linewidth is 
much narrower in agreement with the sub-140 pm level demonstrated in Figure 6.8. 
 
It is noted here that there is further evidence that the HIP conditions lead to narrowing 
of the linewidth in the spectral emission of TM:II-VI ULI waveguide lasers. The typical 
spectral emission of a Cr:ZnSe ULI depressed cladding waveguide laser is demonstrated 
in Figure 6.13 a), whereas the spectral output of both a Fe:ZnSe ULI waveguide laser 
and bulk laser is shown in Figure 6.13 b).  
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Figure 6.13 a) Typical spectral emission of Cr:ZnSe ULI waveguide laser. b) 
Spectral output both of Fe:ZnSe ULI waveguide laser and bulk laser. Images 
have been reproduced from [35]  and [271]  respectively.  
 
The spectrum of the Cr:ZnSe waveguide laser in Figure 6.13 a) has a FWHM linewidth 
of 1.6 nm, this is a great deal narrower than the 20 nm FWMH linewidth of the free 
running bulk laser emission presented in Figure 6.9. Similarly, for the Fe:ZnSe lasers 
demonstrated in Figure 6.13 b), the 6.7 nm linewidth emitted by the waveguide laser is 
narrower than the bulk counterpart which consists of multiple peaks spanning ~ 50 nm. 
From these results it has been proposed that the ULI process results in conditions within 
the crystals which are consistent with HIP treatment. In fact, it has been calculated in 
[326] that ULI results in temperatures in excess of 1100ºC and pressures ≈ 50,000 PSI 
at the irradiated focal region in the substrate, similar to those utilised in the HIP 
treatment in [320]. Therefore, it is believed that the ULI process also removes defects in 



























the irradiated area of crystal hence leading to some narrowing of the spectral output 
[319].  
 
After confirming that the emission from the HIP Cr:ZnSe bulk laser was spectrally 
narrowed as intended by the HIP treatment the laser was subsequently investigated for 
modelocked emission.  
 
 
6.3 KLM Operation of a HIP Treated Cr:ZnSe Bulk Laser  
 
The theory behind the technique of KLM has been presented in sub-section 4.3.3. In this 
sub-section it was also shown that to date KLM has found the majority of its success 
with Ti:sapphire as the active gain media. This has led to generation of ultrafast pulses 
with durations down to 5 fs in the near-IR extending over the range 600-1350 nm [54]. 
However, KLM is generally more difficult to achieve in the mid-IR because the Kerr 
effect is inversely proportional to laser mode size in the crystal, and this mode size itself 
is proportional to the square root of the signal wavelength. Thus at mid-IR wavelengths 
it is generally more challenging to induce the necessary Kerr effect for modelocking, 
expect for the case of sufficiently high nonlinear refractive index media [285].  For that 
reason Cr:ZnSe is particularly suitable for use in KLM, it has a n2 value of ~ 7.5 × 10
-19 
m2W-1 at 2.4 µm [327], around 25 times greater compared to n2 = 3 × 10
-20 m2W-1 at the 
signal wavelength in Ti:sapphire [204]. Table 5 shows that KLM has led to 
improvement in the average output power demonstrated from Cr:ZnSe/ZnS as the issue 
of potential damage to a physical saturable absorber has been eliminated. It can also be 
seen in Table 5 that KLM used in combination with chirped mirrors for GDD control 
has facilitated the generation of the shortest ultrafast pulses from a polycrystalline 
Cr:ZnSe laser of 47 fs. Therefore, this is the method which has been adopted here to 
investigate the potential for the emission of ultrafast pulses from HIP treated Cr:ZnSe.  
 
A schematic diagram of the KLM HIP Cr:ZnSe laser cavity is shown in Figure 6.10. 
Although it is similar to that of the x-fold resonator used for which the CW 





Figure 6.14. Schematic diagram of KLM HIP treated Cr:ZnSe Laser. L is a 
plano-convex 50 mm focal length lens. CM1 and CM2 are plano-concave 
mirrors with 30 mm and 50 mm ROCs respectively, both are HR for2.3 – 2.6 
µm and PCM is a plane mirror with the same coating. CM1, CM2 and PCM are 
all chirped mirrors with GDD = ~ -250 fs2.GM is plane gold mirror and OC is 
the output coupler.  
 
L is the same 50 mm focal length plano-convex lens as in Figure 6.10. However, in this 
case CM1 and CM2 are plano-concave chirped mirrors with ROCs of 30 mm and 50 
mm respectively. PCM is a plane chirped mirror which was mounted on a translation 
stage. The three chirped mirrors are coated for high reflectivity, > 99.5%, in the region 
2.3-2.6 µm and have nominal GDD = - 250 fs2.  GM represents a plane gold mirror 
designed for low loss of typically < 2% in the mid-IR, and OC is the output coupler. 
The length of the cavity arms CM1→OC and CM2→GM→PCM was 36 cm and 42.5 
cm respectively; resulting in a total cavity length of approximately 83 cm, as discussed 
further below this varies by a few mm depending on the separation of the curved 
mirrors which the modelocking is very sensitive to. The modelocked output was 
characterised utilising two output couplers with different coatings; one being 97% 
reflective for 2.05 – 2.43 µm (97% R OC) and the other was 99% reflective for 2.1-2.5 
µm (99% R OC). In this case, the sample was actively cooled by securing on a copper 
heat sink held at a temperature of 20ºC. This was achieved through the use of a Peltier-
electric cooler, in which the heat was distributed by passive water cooling. The laser 
was pumped with the same Er:fibre source as in the CW characterisation. CM1 and 
CM2, again, set folding angles of 17º in both arms of the cavity to compensate for 
astigmatism imposed on the cavity. It was decided to propagate through the 2 mm 
length of the crystal for modelocking. This is because with chirped mirrors available, 
L 
Er:fibre pump 











the GDD of the cavity could be compensated  more fully through this sample dimension 
than the other two. In this orientation the single-pass absorption of pump light was 
measured as ~ 69%.  
 
The resonator was initially aligned for CW operation. Then the position of the curved 
mirrors and the crystal could be finely adjusted by use of the compact micrometer stages 
they were mounted on. This is necessary to identify the edges of the resonator stability 
regions as this is where KLM can most likely be achieved, a detailed discussion of the 
laser stability regions can be found in [203]. KLM operation was initiated by sharp 
translation of the PCM. It was found that KLM operation was not particularly difficult 
to start and the modelocked emission was extremely stable over several hours. Various 
measurements were made to fully characterise the modelocked laser performance which 
will now be detailed.   
 
Modelocked operation was verified by detection of the laser output with a 1 GHz 
extended InGaAs photodiode connected to an oscilloscope. The photodiode was 
manufactured by Hamamatsu with model number G8423-03SPL and designed for use in 
the range 1.2-2.6 µm. The spectrum of the emitted pulses was measured with a near-to-
mid-IR monochromator with gratings covering 0.8-20 µm manufactured by Newport 
(model number 74125). The measurement was taken with a resolution of 2 nm and slit 
aperture 0.28 nm. An interferometric autocorrelation measurement was taken to 
characterise the temporal duration of the pulses, this technique has been discussed at 
length in sub-section 4.5.1. The autocorrelator employed was a homemade setup based 
on 2-photon absorption in an InGaAs photodiode with a cutoff wavelength of 1.7 µm. 
The modelocking threshold and average output power performance of the laser was also 
measured. These measurements were recorded for both the 97% and 99% R OCs, the 










Figure 6.15. Modelocked pulse train emitted from HIP Cr:ZnSe laser with 97% 
reflective OC viewed with an oscilloscope. 
 
 
Figure 6.16. Wavelength spectrum of modelocked HIP Cr:ZnSe laser with 97% 
reflective OC. The spectrum is centred at 2388 nm with a FWHM of 165 nm. 
 



















































Figure 6.17. Interferometric autocorrelation trace of modelocked HIP Cr:ZnSe 
laser with 97% reflective OC, the FWHM of the trace is 70 fs translating to a 















































τFWMH = 70 fs 





Figure 6.18. Modelocked pulse train emitted from HIP Cr:ZnSe laser with 99% 
reflective OC viewed on an oscilloscope.  
 
 
Figure 6.19. Wavelength spectrum of modelocked HIP Cr:ZnSe laser with 99% 
reflective OC. The spectrum is centred at 2382 nm with a FWHM of 153 nm. 

























































Figure 6.20. Interferometric autocorrelation trace of modelocked HIP Cr:ZnSe 
laser with 99% reflective OC, the FWHM of the trace is 76 fs translating to a 




Figure 6.21. Average output power versus incident pump power of modelocked 
HIP Cr:ZnSe laser. 
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Figures 6.15 and 6.18 contain the modelocked pulse trains emitted for the 97 and 99% R 
OCs respectively. In Section 4.1 is was presented that the expected PRF of a 
modelocked laser can be estimated using 
𝑐2𝑛𝑙 , where c is the speed of light, n is the 
intracavity refractive index and l is the cavity length. In the HIP Cr:ZnSe laser the index 
of the cavity is taken to be 1 as the majority of the propagation is in free space. The 
cavity length is ~ 83 cm which remained the same for both OCs, resulting in an 
estimated PRF of 181 MHz. As can be seen in Figures 6.15 and 6.18 the pulses are 
emitted with a period of approximately 5.5 ns hence a PRF of ~ 182 MHz, 
corresponding well with the expected value. 
 
The wavelength spectrum obtained with the 97% R OC is shown emission in Figure 
6.16, it is centred at 2388 nm with a FWHM of 165 nm. Note that there are a series of 
spikes observed in the long wavelength wing of the spectrum around 2.6 µm, these are 
due to water vapour absorption in the atmosphere common for spectra in this 
wavelength range in cavities which are not actively purged [316]. The corresponding 
interferometric autocorrelation trace for this OC shown in Figure 6.17 is characterised 
by the expected 8:1 peak-to-background ratio discussed in sub-section 4.5.1, and has a 
FWHM of 70 fs. Assuming a sech2 pulse profile thus applying a deconvolution factor of 
1.897 in equation (21), this translates to a pulse duration of 37 fs. The associated time-
bandwidth product is therefore 0.321. 
 
For the case of the 99% R OC, the wavelength spectrum is shown in Figure 6.19, it is 
centred at 2382 nm and has a FWHM spanning 153 nm. The spikes at ~ 2.6 µm are 
again present, but in this case there is also a low intensity spike at around 1950 nm 
which is not observed with the 97% R OC. The presence of this spike is most likely due 
to modulations in the reflectivity coating of this OC at ~ 1950 nm. The interferometric 
autocorrelation measurement obtained is shown in Figure 6.20, the trace again has the 
correct peak-to-wings ratio of 8:1 and in this case the FWHM is 76 fs corresponding to 
a pulse duration of 40 fs. The time-bandwidth product is calculated again assuming a 
sech2 pulse profile, the calculated value is 0.323. 
 
The obtained time-bandwidth products are slightly larger than the expected value of 
transform-limited sech2 pulses of 0.315. This indicates there is a residual chirp in the 
pulses. To identify the reason for this chirps the net GDD of the cavity was estimated as 
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follows: Brewster’s angle for the Cr:ZnSe crystal is ~ 68º resulting in a propagation 
length through the sample of 2.16 mm and the GVD of ZnSe at the signal wavelength of 
~ 2385 nm is +209 fs2mm-1 [328]. This results in a calculated total GDD of +903 fs2 per 
round trip due to the laser crystal in the cavity. Data provided by the chirped mirror 
suppliers gives a GDD value of -220 fs2 per bounce at the signal wavelength, thus a 
total round trip GDD due to the chirped mirrors is calculated to be  -220 × 5 = -1100 fs2. 
The GDD of the gold mirror is zero, that of the atmosphere and the unknown value of 
the output coupler are assumed to be negligible in this estimation. From these 
calculations the net round trip intracavity GDD is estimated to be -197 fs2, therefore in 
the anomalous dispersion regime. Furthermore, before arriving at the autocorrelator for 
the measurement the laser emission propagates through the 6.4 mm fused silica material 
of the OC and a 0.4 mm Germanium plate included in the beam path to filter out any 
SHG signal in the output. The GDD values for these components are ~ -1330 fs2 for the 
OC and ~ +930 fs2 for Ge resulting in an additional chirp of -400 fs2. Therefore, there is 
indeed a negative chirp which acts to distort the pulse profile.  
 
The modelocked laser average output power vs incident the pump power is displayed in 
Figure 6.17 for both of the output couplers. The 97% R OC results in a slope efficiency 
of 2.21% and the CW modelocking was found to be initiated at a minimum pump power 
of 2.04 W. The maximum average output power measured was 144 mW for a maximum 
incident pump power of 3.96 W, this is limited only by the available pump power. In the 
case of the 99% R OC the slope efficiency and CW modelocking threshold are 1.75% 
and 2.15 W respectively. The maximum average power for the 99% R OC was 36 mW 
measured for 2.9 W of pump power, for values greater than this the modelocking was 
very unstable and the average output power was observed to decrease. This is likely due 
to thermal issues in the crystal, more efficient cooling may improve the stability for 
these higher pump power values.  Just below the modelocking threshold for both OC’s 
the laser output was found to be continually switching between a Q-switched 
modelocked regime and CW emission with unstable output power and it was found that 
it could not emit stable CW emission without considerable changes to the curved 
mirror/crystal positions. This is not unexpected as the laser is aligned near the edges of 
the stability regions for KLM operation. 
 
It may be logically expected that the higher reflectivity output coupler would result in a 
lower CW modelocking threshold due to higher expected intracavity energy, however 
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this was not the case. However, the difference in the thresholds of ~ 110 mW is 
relatively small compared to the pump powers applied, ranging 2-4 W. As the laser is 
operating on the edge of a stability region the intracavity losses are expected to be 
relatively high compared to in the case of operating will within the stability region. 
Therefore, changing the output coupling by a factor of 3 as has been done here does not 
have a significant effect on the intracavity energy as expected according to equation 
(14), accounting for the low slope efficiencies observed. To obtain a clearer view of the 
effect the OC reflectivity value has on the modelocking threshold, it would be useful to 
repeat the measurements with lower reflectivity OCs. This was attempted with a 90% 
reflectivity OC but it was found that this was not sufficient to initiate KLM, therefore a 
higher value, e.g. 95% is required, but such a mirror was not available at this time.  
 
The emitted modelocked pulse durations of 37 fs and 40 fs corresponding to 4.6 and 5 
optical cycles are the shortest observed to date from a Cr:ZnSe crystal. The 97 % R OC 
led to the generation of slightly shorter pulses thus a broader spectral bandwidth. This is 
could be due to a slightly broader bandwidth of the reflective coating on this OC 
compared to the 99% R OC, the reflective coatings of the two OCs would have to be 
analysed to confirm this. These record results indicate that the HIP treatment is 
advantageous for modelocking of polycrystalline Cr:ZnSe lasers. During the HIP 
treatment the crystal is converted from inhomogeneously to homogeneously broadened 
material, the reasons that this can be beneficial for ultrafast pulse generation will now 
be discussed. In an inhomogeneously broadened laser material, if the photon interaction 
time of propagating photons is less than the thermalisation time, the energy cannot be 
redistributed across the gain spectrum at sufficient speed, this results in any oscillating 
laser pulse burning a hole in the gain spectrum [329]. This reduces the overall gain and 
leaves much of the excited state energy inaccessible to the building laser pulse. During 
the initiation of modelocking whilst the pulse begins to form, if the pulse duration falls 
below that of the thermalisation time the pulse compression process stalls, hence the 
duration is limited to the equivalent of the thermalisation time. In polycrystalline solid- 
state crystals such as ZnSe, this is of the order of ~ 100s of fs where thermalisation is 
determined through the phonon spectrum, as a result the generation of few-cycle pulses 
can be difficult to achieve. HIP treatment of the polycrystalline material has two major 
effects 1) the removal of crystalline defects and 2) growth of the grains. The removal of 
defects means that all ions now experience the same crystal fields, thus the crystal now 
acts as a homogenously broadened material. In combination with this defect removal, 
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fewer grain boundaries reduces the phonon lifetime so even if the material is not 
perfectly homogeneously broadened the thermalisation time is reduced in any residual 
inhomogeneously broadened fraction [319, 320]. Homogenous broadening results in no 
such spectral hole burning and the gain profile is uniformly depleted as the pulse builds. 
Any residual inhomogeneously broadened component has very small thermalisation 
times and so the mode locked pulse can still access the full gain spectrum. Of course net 
intracavity dispersion also has major consequences on resultant pulse duration. 
However, the results presented in this section strongly suggest that the laser is operating 
in a regime in which the thermalisation time is less than the photon interaction time i.e. 
the pulse duration, and as such has allowed for the generation of record short sub-40 fs 
pulse durations.  
 
The next stage of our work in this material will focus on initially testing the KLM 
cavity with the available 1.9 µm pump source at HWU. It is expected that this will 
result in improved output power performance because of the reduced quantum defect 
and the fact that the absorption peak in Cr:ZnSe is closer to 1.9 µm than 1.57 µm as can 
be seen in Figure 6.2. In addition to this, the quantum defect is reduced for a 1.9 µm 
also resulting in higher obtainable slope efficiencies.  The cavity will subsequently be 
optimised for GHz PRF emission whilst maintaining the ultrafast sub-ps pulse width. 
This would satisfy the aim of developing a GHz PRF ultrafast mid-IR emission source 





In conclusion, this chapter presents results of an ultrafast HIP treated Cr:ZnSe laser. 
Two different HIP treated Cr:ZnSe crystals were initially characterised for CW laser 
operation. These experiments were carried out separately in HWU and Politecnico di 
Milano utilising 1.9 µm and 1.57 µm pump sources respectively. The laser crystals were 
both utilised in astigmatically compensated bulk resonators and the pump powers were 
intentionally kept low during these measurements due to an absence of active crystal 
cooling. In both experiments the laser exhibited a significantly narrower spectral 
emission linewidth than traditional free running polycrystalline Cr:ZnSe lasers which 
typically span 10s of nm. The emitted FWHM linewidths were 140 pm and 14 nm when 
pumped with 1.9 µm and 1.57 µm respectively. In the latter case this was limited by the 
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spectral resolution of the different spectrometer used and it is expected that the true 
linewidth is sub-nm as in the former case. The spectral narrowing is a result of the HIP 
treatment converting the Cr:ZnSe crystals from an inhomogenously to a homogeneously 
broadened material as demonstrated first by Stites et al. [320] 
 
The laser was then operated in an ultrafast pulsed regime through the technique of 
KLM. The cavity was similar to that for the CW experiments with the addition of 
chirped mirrors for management of the intracavity dispersion and plane gold mirror to 
control the cavity length. Modelocked emission was initiated by sharp perturbation of 
one of the intracvaity chirped mirrors. Stable CW-modelocked operation was observed 
for 97% and 99% R OCs. With the 97% R OC the temporal pulse duration was found to 
be 37 fs with a spectral bandwidth of 165 nm centred at 2385 nm. For the 99% R OC 
the pulse duration was 40 fs and the bandwidth was 153 nm centred at 2382 nm.  The 
slightly shorter pulse duration obtained with the former is likely due to the broader 
bandwidth of the reflective coating on the OC. The 97% R OC also exhibited superior 
power performance; demonstrating an average output power of 144 mW when pumped 
with 3.94 W, compared to a maximum of 32 mW for the 99% R OC which could not be 
pumped with more than 2.9 W due to thermal instabilities. A PRF of 182 MHz was 
measured corresponding well with the 83 cm cavity length. These results represent the 
shortest pulse duration to date generated in a Cr:ZnSe laser, indicating that HIP 
treatment of the crystal may be beneficial for the emission for ultrafast sub-ps pulses in 
this medium. The next stages of this work are to characterise the modelocking 








The work presented in this thesis has focused on the development of novel laser sources 
in the 2-5 µm range which have the potential for the generation of ultrafast pulses with 
multi-GHz PRFs.  This research topic is motivated by the disadvantages and limitations 
associated with many of the mid-IR sources available at present. ULI is a powerful tool 
for the fabrication of compact waveguide laser emission sources which are particularly 
suitable for GHz PRF generation. In chapter 3, the novel gain material Erbium doped 
GLS glass has been investigated for potential laser emission in the mid-IR from ULI 
waveguides. Inscribed waveguides were pumped with a 980 nm diode laser which led to 
the emission of fluorescence at 2.75 µm. The investigation concluded that further 
improvements in the glass quality and cavity design will result in laser action. Chapter 4 
introduces the theory behind pulsed laser emission. One of the main topics covered in 
this chapter is the saturable absorption property of graphene. This makes it ideal for 
passive modelocking of lasers in the mid-IR as an alternative to traditional SAs such as 
SESAMs which are limited in this spectral range.  Chapter 5 then focused on the 
development of a 5.9 GHz Ho:YAG ULI waveguide laser at ~ 2.1 µm which was 
modelocked with a graphene based SA. This result is the first GHz source demonstrated 
in this laser gain material. Chapter 6 has explored the use of HIP treated Cr:ZnSe to 
assess its capability in producing ultrafast sub-ps pulses in a Kerr-lens modelocked bulk 
laser cavity. The results presented surpass the minimum pulse durations reported 
previously in Cr:ZnSe and show potential for the development of a high PRF ultrafast 
laser. The following paragraphs provide a summary of these experiments and the 
conclusions we have reached. 
 
Chapter 3 presents the investigation of utilising ULI waveguides in Er:GLS with the 
aim of developing a compact, robust solid-state emission source at 2.75 µm. A Yb:fibre 
chirped pulse amplifier system was utilised to fabricate Type I waveguides in samples 
of Er:GLS with differing dopant concentrations. The waveguides were pumped with a 
980 nm diode laser resulting in the detection of fluorescence from each sample at ~ 2.73 
µm. The blue-shift in comparison to the expected emission wavelength of 2.75 µm has 
been explained as being a result of strong water vapour absorption in the atmosphere at 
this wavelength. The intensity of the fluorescence was found to increase with increasing 
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dopant concentration. Lasing was attempted from waveguides in the highest doped 
sample but this was found to be not possible at this time; the reasons for this were 
explored. The propagation loss of these waveguides was measured to be ~ 1.83 dBcm-1. 
This is comparable to other Type I waveguides which have succeeded in laser operation, 
however there is some improvement to be made compared to the 0.6 dBcm-1 
propagation loss recorded from undoped GLS. In addition, an IR waveguide amplifier 
was demonstrated exhibiting a maximum gain of 5.4 dBcm-1 at 1538 nm. As gain was 
observed on this energy transition, this indicates that a population inversion does not 
exist on the sought after 2.75 µm energy transition. Various suggestions have been 
made to optimise the setup for lasing operation including; pulsed pumping, higher 
Erbium concentrations whilst sustaining the high quality of the glass and the possibility 
of co-doping to induce much higher pump absorption into the upper lasing level. This 
investigation concluded that Er:GLS has promising potential as a material for 
waveguide laser emission in the mid-IR; improvements to both the glass properties and 
the cavity design will maximise this potential. 
 
Chapter 5 explores the use of a Ho:YAG ULI waveguide laser for high PRF 
modelocked emission at 2.1 µm. ULI was utilised to fabricate depressed cladding 
waveguide structures in a 0.5% at. Ho:YAG crystal which demonstrated propagation 
losses of 1.02 dBcm-1 estimated by a Caird analysis. The waveguides were pumped in a 
laser cavity by a CW 1908 nm Tm:fibre laser with a maximum power of 12 W resulting 
in transverse single mode laser emission. Initially a full CW characterisation was 
performed. A maximum laser output power of ~ 1.78 W and slope efficiency of 16% 
was observed with a 70% reflective OC. The emission wavelength of the laser was 
centred at ~ 2090 nm for the 60,70 and 80% reflectivity OCs and red shifted to 2097 nm 
for the 97% reflective OC, due to the different coating on this mirror. The beam quality 
of the laser mode was determined by measuring the M2 parameter in the horizontal and 
vertical dimensions. This measurement was carried out by focusing the collimated 
output beam with a 10 cm focal length lens and utilising a beam profiler to measure the 
1/e2 beam radius as a function of the propagation distance. These results were plotted 
and numerical fit applied to obtain values for the beam divergence angle and the beam 
radius at the focus. From these results the M2 parameter was calculated in the horizontal 




This single mode waveguide laser was subsequently investigated for the generation of 
pulsed emission. A graphene coated saturable OC replaced the regular OC in the 
waveguide cavity and Q-switched modelocked behaviour was observed. The 14 mm 
length of the resonator resulted in a PRF of 5.9 GHz whilst the Q-switch operated with 
repetition rate of 1.04 MHz. A maximum average output power of 170 mW was 
measured for 2.5 W of incident pump. The QML behaviour was verified applying the 
Q-switching stability criterion which was discussed in sub-section 4.3.2. This 
calculation indicated that the maximum intracavity energy in this setup is an order of 
magnitude smaller than required to escape QML instabilities, and thus operate in the 
pure CW modelocked regime. This could be achieved with tailored design of the 
graphene coated saturable OC. These results represent the first GHz PRF modelocked 
Ho:YAG laser. 
 
Chapter 6 investigates the potential of HIP treated Cr:ZnSe for ultrafast sub-ps pulse 
generation in the 2-3 µm wavelength range. Initially, two HIP treated Cr:ZnSe crystals 
were characterised for CW laser operation separately with 1.9 µm and 1.57 µm pump 
sources. The laser crystals were both utilised in astigmatically compensated bulk 
resonators. In both cases the laser exhibited a significantly narrower spectral emission 
linewidth than for traditional free running Cr:ZnSe lasers which generally span 10s of 
nm. The FWHM linewidths were measured as 140 pm and 14 nm when pumped with 
1.9 µm and 1.57 µm respectively. In the latter case this was limited by the spectral 
resolution of the spectrometer used and it is expected that the true linewidth is sub-nm. 
These spectral narrowing results proved that the HIP treatment acts to convert the 
Cr:ZnSe crystals from inhomogenously to a homogeneously broadened media.  
 
The laser was then operated in the KLM regime with the addition of chirped mirrors for 
intracavity dispersion compensation. CW modelocked operation was observed at a PRF 
of 182 MHz in good agreement with the 83 cm cavity length. A maximum average 
output power of 144 mW was observed for 3.94 W of incident pump. The minimum 
pulse duration demonstrated was 37 fs assuming a sech2 pulse profile, corresponding to 
~ 4.6 optical cycles. With a spectral bandwidth of 165 nm centred at 2385 nm, this 
resulted in a time-bandwidth product of 0.32. A small anomalous chirp was calculated 
to be responsible for the deviation from the ideal time-bandwidth product of 0.315. This 
is the shortest pulse duration generated in a Cr:ZnSe laser to our knowledge, therefore 
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indicating that HIP treatment is advantageous in the generation ultrafast pulses in this 
medium. 
 
7.2 Future Work 
 
7.2.1 Compact monolithic Er:GLS Waveguide Laser 
 
The fluorescence results recorded in chapter 3 of this thesis have shown that Er:GLS is 
an attractive gain medium for laser emission at 2.75 µm. More specifically, it was 
demonstrated that an increase in dopant level is favourable for emission from this 
energy transition, thus the dopant concentration must be optimised for this whilst 
simultaneously retaining the high optical quality of the glass. Our collaborators at the 
ORC have experienced challenges in producing glasses with dopant concentrations 
higher than 5-10% which do not compromise the glass quality. As a consequence, 
investigations into the glass fabrication procedures are ongoing to improve this 
capability.  As previously discussed, creating a population inversion for CW laser 
operation at ~ 2.9 µm in Er:YAG is achievable with  dopant concentrations, ~ 50%. 
Therefore, there is significant improvements to me made by the fabricators to facilitate 
this in Er:GLS. Another method to overcome the challenge of creating the required 
population inversion is to co-dope with Yb to optimise absorption of the ~ 980 nm 
pump radiation, the researchers at the ORC are also exploring this option and we await 
the results of these co-doping investigations. 
 
The results in chapter 3 also suggested that a higher pump power source be acquired for 
CW lasing operation. Applying these discussed modifications could result in a compact, 
robust mid-IR ULI waveguide laser which in turn could then be utilised in modelocking 
investigations. The technology for SESAMS in this spectral range is still in its infancy, 
as a result there are few reports of ultrafast pulse generation with SESAMs from the 2.7 
– 2.9 µm transition in Er doped lasers. However, relatively new SAs including 
graphene, carbon nanotubes and black phosphorus are promising candidates in the mid-
IR owed to their broad operational range. Thus, these may be ideal for high PRF 






7.2.2 CW modelocked operation of a GHz Ho:YAG waveguide laser 
 
In chapter 5, a 5.9 GHz QML Ho:YAG ULI waveguide laser has been presented. The 
next stage of this work is to obtain CW modelocked operation from the laser whilst 
retaining the high PRF. To facilitate this, the design parameters of the GSOC must be 
optimised for emission in the CW modelocked regime. With reference to equation (10), 
this could be achieved by designing the GSOC with a reduced modulation depth. In 
addition, a higher reflectivity OC value could result in an increase of the intracavity 
energy as required by equation (14). However, a higher reflectivity OC would likely 
cause the average output power to reduce as shown in sub-section 5.2.2. Thus, it would 
be necessary to also inscribe lower loss single mode waveguides to optimise the output 
power capability of the waveguide laser. The optimisation of these parameters has 
resulted in the generation of 16 ps stable CW modelocked pulses at PRFs up to 11.5 
GHz from Nd:YAG ULI depressed cladding waveguide lasers at ~ 1064 nm reported in 
[267] and [330]. A further example is that of the 2 ps pulses emitted at 2 GHz from a 
Yb:YAG ULI Type II waveguide laser in [331], in which Carbon nanotubes, the 1D 
from of Graphene, has provided the SA mechanism. The GDD of these waveguide 
lasers has been controlled by use of a small gap between the uncoated end facet of the 
waveguide and one of the plane cavity mirrors. This could be implemented for use with 
a GSOC CW modelocked Ho:YAG waveguide laser to optimise for the minimum pulse 
duration. The cavity design for this is shown in the diagram in Figure 7.1.  
 
Figure 7.1. Schematic diagram of a cavity for a Ho:YAG ULI waveguide laser 
modelocked by a GSOC in which the GDD is controlled through adjustment of 
the size of the gap, Δx. 
 
The small air gap, Δx, can create negative GVD in the form of a Gires-Tournois 
interferometer. Thus, careful micrometer precision adjustment of the air gap size 
provides a means of tuneable control of the cavity GDD. [267]. This method has also 
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been demonstrated for GDD control in waveguide lasers modelocked by SESAMs 
facilitating the generation of stable ultrafast pulses with up to 15 GHz PRFs [332-334].  
Hence, this method is effective for dispersion control in a ULI waveguide laser without 
compromising the compact nature of the cavity. This is not the case for alternative GDD 
compensation methods discussed in section 4.4 which tend to require space for the 
components and mechanical mounts. One other modification to increase the PRF 
obtainable would be to simply use a shorter sample. Lower waveguide propagation loss 
would be advantageous to generate the necessary output powers to emit in the CW 
modelocked regime for a shorter sample. 
 
7.2.3 GHz level KLM HIP treated Cr:ZnSe Laser 
 
Chapter 6 of this thesis presented an ultrafast modelocked Cr:ZnSe bulk laser in which 
the laser was treated with HIP facilitating sub-40 fs pulse generation at a PRF of 182 
MHz. The first stage in the continuation of this work is to attempt KLM of a HIP 
Cr:ZnSe crystal with the 1.9 µm pump source at HWU, as opposed to the 1.57 µm 
pump implemented for the cavity presented in section 6.3. The lesser quantum defect 
and increased absorption at this wavelength in Cr:ZnSe should lead to improved output 
power performance and also potentially reduced cooling requirements.  
 
As the aim of this thesis is to ultimately develop multi-GHz ultrafast mid-IR sources, 
the focus will then be on attempting to increase the PRF of the laser to this level. There 
are two main methods which will be investigated to achieve this and they will be 
presented below. 
 
1) High PRF bulk cavity 
 
Theoretically, as the PRF is inversely proportional to the cavity length, this can 
be achieved by simply reducing this length. However, with reference to equation 
(14), an increase in the PRF of a cavity directly leads to a reduction in the 
intracavity energy. Applying this to the KLM cavity in section 6.3, the 
generation of a PRF > 1 GHz requires an increase in the current PRF by a factor 
of > 5 and hence would result in an > 80% reduction in the intracavity energy, 
assuming similar levels of average output power. The resultant setup would 
suffer a greater risk of Q-switched instabilities which continually increases with 
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larger PRF values. Therefore, the cavity design parameters, particularly, the 
transmission of the OC, output power capability must be carefully considered 
during attempts to shorten the cavity.  
 
A practical consideration associated with reducing the cavity length is fitting in 
the cavity components and mounts. This can be particularly challenging for the 
plano-concave mirrors mounts which have to be aligned at specific angles for 
astigmatism compensation. Custom designed miniature mirror mounts are 
required to fit in curved mirrors with focal lengths as short as 5-15 mm which 
would be particularly useful in minimising the cavity length. Maintaining the 
optimum GDD compensation with chirped mirrors can also be challenging as 
making the number of bounces needed places a limit on the minimum cavity 
length that can be achieved. Thus, we are working with the company: Ultrafast 
Innovations GmbH to obtain custom designed chirped mirrors tailored for this 
specific cavity arrangement. The aim is to have chirped mirror sets which are 
tailored for use with the 1.9 µm and 1.57 µm pump sources in order to directly 
compare the KLM laser performance at each wavelength.  
 
2) Compact, modelocked HIP treated Cr:ZnSe waveguide laser 
 
An alternative method is to fabricate waveguides in HIP treated Cr:ZnSe 
material and exploit both the compact nature of a waveguide cavity and the 
advantage of the HIP treatment for the generation of GHz PRF ultrafast pulses. 
However, as discussed in section 6.1, there have been some difficulties in 
fabricating low loss waveguides in HIP treated material compared to traditional 
commercially available Cr:ZnSe. It was discussed in sub-section 6.2.2, that ULI 
induces temperatures and pressure changes in the irradiated region which are 
comparable to this utilised in the HIP process. Research is required into the 
effect this has on HIP material in comparison to untreated material and how it 
could be contributing to high waveguides losses. This research is still in its 
infancy but investigations are ongoing to optimise the waveguide inscription 
parameters and also retain the advantage of the HIP process. This will facilitate 
the development of an inherently compact laser in which the gain material is 




7.2.4 Ultrafast  Mid-IR Cr:ZnSe Waveguide Amplifier  
 
High average power, ultrafast 2-3 µm laser pulses are essential for various applications 
such as high harmonic generation, time resolved studies and the development of high 
power mid-IR frequency combs for sensing and spectroscopy [296, 297, 335]. The 
thermal limitations imposed on Cr:ZnSe crystal restrict the output power capability of 
this laser material as discussed at length in section 6.1. This effect becomes particularly 
detrimental in high PRF lasers as the application of active cooling for effective heat 
distribution is difficult to achieve in such small resonators.  Although Cr:ZnS has better 
thermal properties in comparison, there have been no reports of significant improvement 
in the output power of this material compared to Cr:ZnSe. Therefore, in summary it is 
challenging to generate multi-Watt level GHz PRF ultrafast pulses from Cr:ZnSe/ZnS 
lasers. 
 
One solution to this is to implement an external amplifier as reported by Vasilyev et al. 
[335]. The authors have demonstrated amplification of 2.4 µm 40 fs pulses with an 
average output power of 1.7 W, by gain of factors ~ 4.2 and ~ 1.6 in bulk Cr:ZnS and 
Cr:ZnSe crystals respectively. The high nonlinearity in the amplifier crystals also 
prompted considerable broadening of the spectrum which results in compression of the 
pulses to 27 fs and 33 fs in Cr:ZnSe and Cr:ZnS respectively. The experimental setup of 
these amplifiers is demonstrated in Figure 7.2. 
 
 
Figure 7.2. Experimental setup of (a) Master Oscillator Power Amplifier for the 
amplification of 2.4 µm ultrafast pulses reported in [335]. (b) optical setup for 
dispersion compensation of output pulses. MO – fs master oscillator (2380 nm 
central wavelength, 22 nJ pulse energy, 40 fs pulse duration, 79 MHz repetition 
rate); EDFL#1 – MO pump EDFL#2 – amplifier pump. L –focusing lens, 
Cr:ZnS/ZnSe –polycrystalline gain element of the amplifier, HR(1) –dispersive 
mirrors, HR* –TOD compensator, W – CaF2 wedge; DM – dichroic mirror for 
SHG separation YAG – stack of plane-parallel YAG plates; IAC – 
interferometric autocorrelator; Mono – grating monochromator. Diagram has 




The two curved mirrors and lens, L, optimise the overlap between the pump and signal 
whilst simultaneously inducing sufficient nonlinearity for spectral broadening in the 
amplifier crystal. As can be seen in Figure 7.2, these optics have focal lengths ranging 
25 - 50 mm, meaning that the drawback of this system is that it is fairly large. An 
alternative method is to utilise a ULI waveguide amplifier. The implementation of a 
waveguide geometry guarantees a high degree of overlap between the pump and signal 
due to the tight confinement, resulting in a very compact and robust high gain amplifier. 
A single pass waveguide amplifier experiment was undertaken to explore this method. 
The preliminary results of this investigation will now be presented here.   
 
Single pass ultrafast Cr:ZnSe waveguide amplifier preliminary results 
 
Depressed cladding waveguide structures were fabricated in a 3 × 6 × 7 mm Cr:ZnSe 
sample by ULI, for clarity it is noted that this sample was not HIP treated. The sample 
was fabricated by IPG photonics with a dopant concentration of 6 × 1018 cm-3. The 
waveguides were inscribed by our collaborators in the AFRL in Ohio, USA. The 
inscription laser was a Yb:fibre laser (IMRA µJewel model D1000)  operating with 
linear polarisation at a central wavelength of 1047 nm with a pulse width of  450 fs and 
a PRF of 100 kHz. The pulses were focused by a 0.68 NA lens to inscribed the 
waveguides at a depth of ~ 200 µm beneath the surface of the sample. A set of 24 
waveguides were fabricated in the 7 mm length of the sample with an average laser 
power of 120 mW at a translation speed of 10 mms-1. The waveguide diameters 
decreased in increments of 5 µm between 100 – 45 µm, two waveguides were written at 
each diameter with 1 overscan in the first and 2 overscans in the second. These 
waveguides were originally fabricated to be pumped at 1.9 µm for laser emission; 
previous investigations had identified these as optimum parameters for this application. 
After inscription the input and output facets had been AR coated for 1.9 – 3 µm for the 
mitigation of Fresnel reflection losses. The sample was then utilised in the counter-





Figure 7.3. Schematic of Cr:ZnSe ULI waveguide amplifier. L1 and L2 are 50 
mm focal length plano-convex lenses AR coated for 1.65 - 3µm and 1.05 – 1.7 
µm respectively. DC is a 45º dichroic HR on the front face for 2 – 3 µm and AR 
on the rear for the1.57 µm pump wavelength. LP is a 2 µm long pass filter. 
 
In the setup the ultrafast signal pulses were provided by a KLM Cr:ZnSe laser operating 
at 2.4 µm with an average output power of 110 mW measured behind L1 and a PRF of 
140 MHz. The input pulse duration and bandwidth are 47 fs and 160 nm respectively. 
The pulses were coupled into the waveguides with L1 which is a plano-convex 50 mm 
focal length lens AR coated for 1.65 – 3 µm. The pump source was the same Er:fibre 
laser that pumped the KLM HIP Cr:ZnSe in chapter 6, the maximum power availability 
in this case was 10.25 W. It was coupled into the waveguides in a counter-propagating 
direction to the signal pulses with L2, which is a plano-convex 50 mm focal length lens 
AR coated from 1050 – 1700 nm. DC represents a 45º dichroic mirror which allowed 
propagation of the pump light through the rear face and is HR on the front face for 2 – 3 
µm. LP is a long pass 2 µm filter to remove any residual back reflected pump, as the AR 
coating on the end facets was not applied for this pump wavelength. Initially, the 
maximum pump power was coupled into each waveguide and the amplified output 
power was measured after the LP filter. The waveguide which resulted in the maximum 
amplified signal had a 90 µm diameter and was written with one overscan. The emitted 
signal from this waveguide with no pump power applied was measured as 80 mW. 
When pumped with the maximum pump power of 10.25 W at 1.57 µm, the amplified 
output had measured power of 430 mW. This translates to an internal gain factor of 
5.375. In terms of the overall system efficiency from input to output signal, the gain 
factor is ~ 3.9. The spectral emission was measured with the same NIRQuest512-2.5 















range 0.9 – 2.55 µm with a resolution of 7 nm. These measurements for the case of no 
pump and maximum power applied are shown in Figure 7.4 a) and b).  
 
 
Figure 7.4. Spectral emission from Cr:ZnSe waveguide amplifier setup with a) 
no pump and b) 10.25 W of pump applied. The spectrum in a) is centred at 2397 
with a FWHM of 195 nm, the spectrum in b) is centred at 2394 nm with a 
FWHM of 191 nm. The spectra cut off at 2.55 µm as this is the upper limit of the 
spectrometer operational range.  
 































a) unamplified output signal from waveguide  
b) amplified output signal from waveguide  
FWHM = 195 nm 
centred at 2397 nm 
FWHM = 191 nm 
centred at 2394 nm 


































Figures 7.4 a) and b) indicate that the waveguide does induce spectral broadening in the 
pulses. The input signal pulses have a 47 fs pulse duration and a FWHM bandwidth of ~ 
160 nm, which has been broadened to > 190 nm in the waveguide. Going forward, 
temporal pulse durations are required to confirm the implied pulse compression 
imposed by the waveguide.  The spectral measurements also demonstrate that when the 
waveguide is pumped the spectral output is narrowed very slightly, by ~ 3 nm, further 
research is required to confirm and understand the source of this narrowing. The gain 
measurement was also repeated in the bulk material of the sample by simply translating 
the sample away from the waveguide region and optimising the lens positions for the 
maximum amplified output signal. The internal gain factor in the bulk was measured to 
be 3.8, and the overall system gain factor recorded was ~ 3. It would also be useful in 
the future to measure the spectral emission and pulse duration after propagation through 
the bulk material to provide a comparison of the nonlinearity with the waveguide. It is 
evident from this experiment that the waveguide amplifier is indeed advantageous in the 
amplification of ultrafast pulses compared to the bulk. It is expected that the gain 
obtained could be improved further by optimising the coupling of the pump light as this 
was not done in our setup.  
  
This experiment was conducted to provide an initial indication of the amplification of 
ultrafast pulses in a Cr:ZnSe ULI waveguide. In summary, this preliminary 
investigation has shown that a Cr:ZnSe ULI waveguide is a promising candidate for the 
amplification of ultrafast pulses from Cr:ZnSe/ZnS lasers. Thus providing a solution to 
the output power limitations associated with these lasers.  There is a plethora of work to 
be done, to further investigate and optimise the setup in terms of both output power and 
spectral broadening. We anticipate that tighter confinement imposed by a smaller 
diameter waveguide may induce larger nonlinearity in the gain medium to broaden the 
spectral output and thus compress the pulses. The long term goal is to implement the 
GHz KLM modelocked HIP Cr:ZnSe arrangements described in the previous sub-
section 7.2.3 together with a waveguide amplifier. The result will be a compact, robust, 
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